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In tliis Issue 

In 1966, shortly after I joined the staff of the HP Journsl, we published an article 
on the HP 8405A RF vector voitmeter. It was one of the first mstruments that 
could measure the phase of a signal as well as its amplitude, and engineers 
were excited about it. The display consisted of two analog meters. You made 
measurements one point at a time and plotted them manually on graph paper, 
Advanced for its time, the vector voltmeter would be useless for analyzing the 
time-varying signals and complex modulation types that are common today in 
communications, video, data storage, radar, sonar, and medical and Industrial 
ultrasound. However, the same technologies that make these signals possible 
have made the vector voltmeter's descendants equal to the chalienge^ and no 
doubt as exciting to todays engineers as the vector voltmeter was in its day. The new HP vector signal 
analyzers whose theory and applications are described in the article on page 6 not only make the tradi- 
tional measurements of frequency, power, distortion, and noise on time-varying and complex signals, but 
also offer new analysis types based on digital signal processing, such as amplitude, frequency, and 
phase demodulation, digital modulation analysis, correlation, coherence, and vector spectrum analysis. 
(See page 12 for applications of the demodulation capabilities,) The HP B9410A baseband vector signal 
analyzer is the foundation of the family, acting either as a standalone 10-MHz analyzer or as the user 
interface, final frequency converter, signal processor, and display for higher-frequency members of the 
family. Its design, which features a large-scale dithered analog-to-digital converter is the subject of the 
article on page 31. The HP 8941 OA and the HP8344DA RF section make up the TB-GHz HP 89440 A BF vector 
signal analyzer The design and calibrahon of the RF section are discussed in the article on page 47 The 
HP 89411A down-converter (see page 58|, with the HP89410Aand a higher-frequency HP spectrum ana- 
lyzer, extends the family's vector signal analysis capabilities to frequencies above l.B GHz. The baseband 
and TB-GHz analyzers both have built-in sources for stimulus-response measurements. Source types 
provided are CW, random noise, periodic chirp, and arbitrary. Behind all of the measurement capabilities 
of these analyzers is a powerful three-processor architecture and a firmware system that's described in 
the article on page 17. 

Optical spectrum analysis is the measurement of the optical power in a light beam as a function of wave- 
length. It's especially important now in the telecommunications industrVr where high-performance fiber- 
optic systems are prevalent. Spectral measurements are essential for characterizing the components of 
these systems, such as laser sources, fibers, optical amplifiers, and receivers, and verifying their perfor- 
mance in the system. The HP 71450A optical spectrum analyzer makes optical spectrum measurements 
over a wavelength range of 600 to 1700 nanometers, covering all of the widely used fiber-optic bands. 
The HP 71451A optical spectrum analyzer makes spectrum measurements and offers four additional mea- 
surement modes for other types of measurements. The article on page 60 introduces these analyzers, 
describes their user interface, and demonstrates the capabilities of several of the downloadable appli- 
cation programs that are available, including programs for light-emitting diodes, Fabry-Perot lasers, and 
distributed feedback lasers. The analyzers acquire both high dynamic range and high sensitivity from a 
double-pass monochromator design (page 68). The monochromator, which is the wavelength-selective 
element of the analyzer, is based on a rotating diffraction grating. The grating is driven by a direct-drive 
positioning system that provides both high resolution and high speed |see page 75), At the output of the 
monochromator the light is coupled into a fiber. This design provides significant advantages, but it"s not 
trivial to keep the light beam accurately aligned with The output fiber as the diffraction grating rotates. 
The article on page 80 describes a two-axis microposilioner that addresses this problem. 

The HP vector signal analyzers featured in this issue are only one of many types of digital signal analyzers 
manufactured by the Hewlett-Packard Lake Stevens Instrument Division. This division's newer analyzers, 
including the vector signal analyzers, store data in a standard data format that allows Lake Stevens ana- 
lyzers to exchange data with each other and with applications software (see page 851. Utility programs 
shipped with all Lake Stevens analyzers make it possible to convert data between the standard format 
and other formats, and to edit, display, and plot data stored in the standard format. 
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New digital cellular telephone technologies, developed to incfease the number of users that can share s 
given frequency band, offer prime exampfes of the time-varying signals and complex modulatmnsthat 
HP vector signal analyzers are designed to measure. In the article on page 90. Dave Whipple of the 
Hewlett-Packard Spokane Division describes one of these technologies, a code division multiple access 
(CDMAI system standardized by the Telecommunications fndustry Association for North American cellular 
applications. CDMA is a type of modulation in which all channels in a frequency band use the entire 
band and are separated by means of specialized codes. 

Unlike North American cellular CDMA, the Digital European Cordless Teiecommunications standard, or 
D£CX is not a standard implementation of a type of modulation, but a standard protocol for the radio 
portion of cordless communication finks (DECT modulation is actuaify time division multiple access, or 
TDMA), DECT is defined by the European Telecommunications Standards Institute. The DECT standard 
defines channel frequencies and data packet formats and spells out the tests that cordless equipment 
must pass to be certified as conforming to the standard. On page 98, Mark Eio of the Hewlett-Packard 
Queensferry Microwave Division describes the DECT standard and a new downloadable program for HP 
8590 E-Series spectrum analyzers that gives the analyzers measurement capabilities for testing to the 
DECT standard. 



December is our annual index issue. The 1993 index begins on page 107. 



R.PDolan 
Editor 



Cover 

By adding a third axis (color) to the traditional spectrum analyzer display, the HP 89410A and 89440A 
vector signal analyzers can reveal the frequency content of a rapidly-changing signal in e particularly 
informative way. This spectrogram display represents more than 300 spectrum measurements covering 
the first 20 milliseconds of the turn-on transient of a marine- band handheld transmitter. The horizontal 
axis is frequency, but each spectrum measurement has been compressed to fit in one line of the display, 
with power levels shown as different colors. This allows a single screen to show vastly more information 
and reveals phenomena that would be difficult to spot otherwise. For example, transient distortion side- 
bands can be seen clearly in this measurement although they are present for only a few milliseconds 
just after turn-on. The sidebands gradually disappear toward the bottom of the screen. It can also be 
seen that these sidebands temporarily disappear each time the signal changes direction. 



What's Ahead 

The February issue will have twelve articles covering the design of the HP DeskJet 1200C color office 
printer. 
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Vector Signal Analyzers for Difficult 
Measurements on Time-Varying and 
Complex Modulated Signals 

Called vector analyzers for their ability to quadrature detect an input 

signal and measure its magnitude and phase, these new analyzers offer 
conventionat spectrum analysis capabilities along with a full set of 
measurements based on digital signal processing. The three^processor 

architecture includes a frequency selective front end and a digital IF 
section. 

by Kenneth J» Blue, Robert X Cutler, Dennis R O'Brien, Douglas R. Wagner, and Bei\jamin R. ZarLLngo 



Swept spectrum analyzers are a rimfituiienial to*)l for design- 
ers working in alJ asjiects i>f eleeiroiiit h at frequencies from 
HF (higli frequency) through microwave. They are powerful 
and acciu'ate tools for nieasuring basic signal properties 
such as power, tieqiLency. distoition, and noise. They have 
also been pressed into seiiice to measure a group of more* 
complex tmd dyiTaniic sij^nal propoities Lliat iire often 
grouped togelher as modulation and siddxmds (Lnlentional 
aiuplilude, frequency, imd phase modulation) or phase noise 
(generally uninienlional or undesirable J. 

Recent trends have conspired to move many of today's sig- 
nals beyond the measurement reach of traditional spectrum 
an^ilyzcrs. Tliese difficult signals generally fall u^to two 
groups: 

• Tnue-vaiyijtg. Burst, pulsed, gated, or I tiueHli vision multi- 
plexed signals wiiose meaisured properties change during a 
measurement sweep. 

• Complex modulated. Signals witli modulation that cannot 
be described in terms of simple AM, FIVI, and PM. Exam^jle.s 
include the multiple varieties of QMl, QPSK, aiid PSK. To 
complicate the measurement task fmliier, these complex 
modidated signals kirc often time-varying as well. 

For design en^neers in many different applications areas, 
deahng with these complex and challenging signals is now 
the nile ratlier thiui The exception. Examples include main- 
stream applications such as video, data sKirage. nidar, sonar, 
and medical and industrial ulti'asound. 

By far the laigest applical ion area for these dynamic signals 
is communications. A sTaggering proUferation of wireless 
technologies is luiden^^ay, biinging both new uses and vast 
numbers of new users to the linuied RF spectiTun ihal we aH 
must sbtu^e. The only way to accommodate these new de- 
nituids within Ihe exist.uig frequcniy spectrum is to use it 
n\ore efficiently, imd tins is tlie primar>^ force dri\1ng the 
increased use of con\plex and time-varying signals, 

A telling example is the transition from tlie ciiiTent analog 
cellulai- telephone technolog,v to the new digital ntethods in 
Europe (GSM), Japan (PDC), jind Notth .\nierica (NADC). 
The capacity of the current analog system has been exceeded 



in many areas, and the new teclinologies vdU support at least 
Tw'o to tiiree rimes the number of users in a given frequency 
band. Wiile they differ iix some respects, all three of these 
new standards involve signals that are at once digital, time- 
vaiylng, mid complex modulated. They jKise a distinct chal- 
lenge to tracUtionaJ signal iuuilyzcrs, which are optimized for 
steady-stale and simply modulateti signals. 

Several types of new^ tools have already been developed to 
address dilTerent portions of these application requirements: 
Digital Oscilloscopes. Oscilloscopes are excellent tools for 
captming and \1e\^Tng almost imy complex or time-VLuying 
signal. However, they are optimized for \iewing signals in 
the time domain imd have insufricienl tligirizir^g resolution 
and accuracy for precision irequency, powc^j; distortion, and 
n o i sc measii re ni enls . 

Peak Power Analyjcers, Fast-reacting power meters with 
data storage and displays can track the power component 
of rapidly changmg signals. They solve one part of the signal 
measurement problem when frequency selective measure- 
ments aie not required. 

Modulation Domain Analyzers, j^so called frequency and 
time mten^al analyzers, they metis ure the frequency behav- 
ior of dynamic signals using fast zero-dead- time counter 
technology. Their Emalysis is limited to frequency and phase. 
They cannot measine amplitude or distortion, and caiuiot 
separate multiple signals. 

Sped mm Malyzci^i with Sweep Gating. Where time-\'aiying 
signals iTpeat coasisrently imd wliere a trigger signal Ls avail- 
able, some spectrum analyzei^s vm\ perfonn time-gated anal- 
ysis. The ajialy^er sweeps selectively, synchronized with the 
trigger signal, ;md grdduaily builds up a measurement from 
mai\v sweep segments. 

Vector Signal Analyiers 

The analog-to-digital conversion and digital sigi^al processing 
technologies that have made these "problem*" signals possible 
have also nmde possible a new generation ot measurement 
solutions. HPs new vector signal analyzers (see Fig, 1 ) rep- 
resent a two-pronged approach to dealuig with today s time* 
%^arying and complex n^odulated signals and the systems 
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Fig, 1. The HP 89410A vector 
signal ariahrzer (center) is a 
10-MHz iMsetmnd aiiali'zen ft arts 
as tiie user interface, final digital 
IF, signal processor, and display 
section ftir the HP 8MssA laJniJy 
i>lm\alyzBrs. The HP S9440A RF 
section (l>ott<irn li*ft) extends the 
;iftiil\iiers capabilities up to 1.8 
um. The t£P SMI lA (righl) is 
osed uitli a higlier-fTpquency ana- 
l>T£er to extend nieasiirement 
ajverage to frequen^^^ ranges 
afwve LBGHz- 



thm use them. Traditional measiireiiients — ^precision mea- 
surements of fretjiipncy. power distortion, aiid noise— can 
be made as simply on time-\ar>ing sigmils as Utey iire on 
steady-state signals. This allows designers lo use the insighl 
and design skiDs they have developed for simpler signals on 
more complex signals. Going beyond the traditional mea- 
surements, digital signal processing of precision sampled 
signiUs makes possible a variety of new atialysis t>pes in- 
eluding vector AM. FM, and PM demodulation, digital morlu- 
lation analysis, correlation, c^oherence. and vector spectiiim 
analysis. TItcse new measurements are ideally suited for 
testing throughout the block diagrams of today's advanced 
comnumication and m<.*asurement systems. 

The tEP 894x5cA vector signal analyzers aie all based on a 
conmion measiu'ement engine, the HP 89410 A 10-MHz base- 
band analyzer. The [IP 8[)410A acts as die user interface, 
fmal digital IF (uitermediate frequency) section, signal pro- 
cessor, and display section for tlie entire family of analysers. 
I'he HP 89440A and HP 89411 A use analog RF (radio fre- 
quency) hardware to down-convert higliei -tVequency bauds 
into the information l>^uidwidtli of thc^ HP 8M10A. The HP 
89410 A RF scH'tion extends the vector signal analysis capa- 
hiUlies up to IM tJHz. The HP 894 UA is used in coi\jmiction 
with a liigher-frequcncy mialyzer to extend the measurement 
coverage even higher in frequency. This design approach has 
made it possible to develop a core set of measurc?ment fea- 
tures in Ihe HP 894 lOA and make them innuediately available 
for use in different fmiuency ranges. Tliis provides measure- 
ment capabilities at RF employing digital signal piocessing 
(DSP) technitiues that wc^re previously only possible at 
baseband fretiuency ranges. 

Tlie HP 894 lOA and HP S9440A include a standard dc- to- 10- 
Mllz signal source. Tlie HP 89440A also offers iui optional 



RF source. Both the baseband and the HF soiirces feature 
multiple ,source types for flexibility in circuii stimulation. 
Besid<L*s CW. random noise, and periodic chirj) stiurces, the 
;m;il,yzers inclutle an arl>itrary source. Users can create their 
owTi signals or capture signals for later playback. 

Signal Flow 

The high level measurement processmg in tJte vector signal 
analyzers is sho\^Ti in the signal flow diagram, Fig. 2. The I^IP 
89410x4 has an ahas-protected aitalog input bandwidth of dc 
to 10 MHz. The aiudi.jg inptit signal flows into a tiybrid dith- 
ered ADC (imalog-to-digitid converter), which simiples the 
signal at a rate of 25,0 MHz, The digital data stream comii^g 
out of the ADC is routed to the iligital local oscillator (LO), 
Tlie digital LO [jerfornrs freiiueucy translation m\d quadratuic 
ilelects the digiii^^ed input signd. resulting in a complex data 
stream consisting of real ariti imaginaiy paits. Tlus hill-rate 
data is theti in|>ut to the digital decimating filters. These 
filters perform binaty decimation (divide-l)y-2 saniple rate 
reduction) iJi addition to providitig image rejection. The 
output of ihese digital filters represents a bandlimited digi- 
tal version of the analog input signal in the time domain. 
This fligital data stream is then captured in a sample RAM 
( rami om-acc ess memory). The samfde RAM is a ciicidm' 
FIFO (first in, first oiit ) hi titer that collects individual rlata 
saitiples into blocks to be msriniptdated by ihe DSP (digital 
signal processor). 

The ADC, digital LO, and tilter sections are key contributions 
in the HP B94xxA analyzer's. Thes€^ blocks allow the use of 
powt^rfu! DSP techniques on systems aitd signals that have 
wider infrannation l>aiul widths than previous fasi F^ourier 
transform ( FFT) an^dyzers have allowed, as explaiited laten 



Up 394404 HF Sectiofi 
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Fig, 2. -Signsil ^aw ar<:;hi(.ecnuri^ of Ihe HP B^MxxA vpcmr .signal atialyzers. (ADC = aiicilog-todigitai converti^n LO = local oscillatar. 
D8P = digital signal pruceasan GSP = graphics aystein processor. CPU = central processiug tinlt.) 
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Bie fundajiiental data used to produce all measurement 
results, whetiier in the frequency domain or the linte (lornain, 
is the linie dalii coJlecled in the sample RAM, Hiis tan he 
contrasted with swept spectrum iinalyzers, whicli produce 
results directly in the frequency tJomain using swept Hlier imc] 
detection techniques. Since Uie input signal is processed and 
captured in tliis fundamental time-domain form, all aspects 
of the signal at that moment in tinie are caf>tiued — ^ainplilutle, 
frec|uency, and phase. Tlie application of DSP algoril.hnts to 
this time data can chaiacterize and allow the user insight 
into ali of these different view^s of the signal* 

Multiple Processors 

The HP 8!54xxA uses a set of three processors, each opti- 
mized for specific computationiil and control tasks, to per- 
form tlie measurement postprocessing on tiie sample RAJVl 
time data. These processors are under the control of a real- 
time multitasking operating system (pSOS'*") to pro%icle over- 
lapped operatifjn ajid niiiximize tt^JOUglipuL Tiie jnaiit C-PII, 
which handles syst em management and processes user 
input, is a Motorola 6SEC03t), 

The digital signal processor used in tlie IIP S94xxA family is 
the Motorola DSP96002 floating-point duai-port processor. 
This processor performs all the block-oriented mathematiciil 
operations required by tiie DSP algorithitis. A typicjii se- 
quence of DSP operations to produce a spectnmi resLdt 
from the lime data might inclucje I he following: input scal- 
ing, resampling, time-ck>inain corrections, windowing, FPC 
frequency-domain corrections, and display scaling. The HP 
894xxA DSP architecture pro\1des many more features thar:i 
Just the computation of FFTs. It has a full set of predefined 
measiuement results including time, powei" spectrum, 
power spectral density, autocorrelation, crosscorrelatlon, 
cross spectrum, coherence, frequency response^ and others. 
The IIP 894xxA also supports a user-defined math capabihty, 
which allows the user to specify custom algorithms to be 
executed by the DSP 

The GSP (graphics system processor) used in the HP 804xxA 
family is the Texiis Instmmcnts TMS34020 processoj-. Tlie 
GSP and color thsplay provide display capabilities that ex- 
ploit the measurement features of the HP 894xxA. These 
mclude multiple trace displays for simultajieous insight into 
different result domains, such as time anrl frequency. Other 
features include tiie use of waterfaii and spertrogram dis- 
plays to project measurement results into a third dimension 
on the display — histor>' over time. This is useful for data 
presentation since the measurement and display throughput 
of the HP S94xxA can often reach or exceed 60 updates per 
second. 

A flexible firinware architecture was requhred to realize Ihe 
large featirn? set of the HP 894xxA. A core set of fundamentiil 
low-ievel DSP routines was developed to be used by all the 
various measuremeni modes and features within die analyz- 
ers. At a higiier level an exteasilile measurement architecture 
was designed lo use ihest^ low-level DSP routmes 10 pro- 
duce the different measurement results. Tliis aichitecture is 
described in detail in tiie ajticle on page 17. 

FPT Use in Previous Analyzers 

Most spectiTim analyzers do not use FFT processing to 
produce firequency-domain measurements. Tlie ni^ority of 



spectrum analyzers employ swept intermediate frequency 
(IF') haidware filter techniques lo measure signal amplitude 
characteristics in tlie frequency domain. Thest^ analyzen^ 
have analog resolution handwidtJi filters with electrical 
characteristics that limit their sweep rate to approximately 
one-half the scjuare of rlie resoluriori bandwichh. Since these 
filters rcquiie a finite settling time before they c an acciuatefy 
represent the amphtudc of a signal passing dirough the IF, 
the signal of interest must be static (nonvariant) over time. 
Tills prfKiuces tw^o constraints for the user: the nieasurt^ 
men I speed for narrow resolution band widths is slow and 
the signals must not vary over time. These limitations can lie 
overcome with tJie apphcation of digital sigiial processing. 

The HP 894xxA vector signal analyzers represent the second 
generation of HP signal analysers that employ digital signal 
processing at RF. Tlie HP 3588 A ^ spectrum analyzer and HP 
:1589A network analyzer were pioneers in using digital filter- 
hig and FFT processing technifjues jn coi\junction mth tradi- 
tional swept analyzer hardware. These predecessors used an 
aH-digitaJ final IF section to support: higher-speed swept 
nieasurements while also suppoiting an FFT mode for faster 
narrowband measurements. These inst nmients laid the 
groundwork for the measurement arcliitecture and approach 
of the HP 894xxA family of vector signal analyzers. 

The application of the F¥^ in signal aiuilyzers has been 
restricted in the past because of one of it.s fuiuli^unental algo- 
rithmic relationships — the fretjuency lianflwidd^ of an FFf 
result is dire<^rly related to tlie sample rate of the uiput data. 
This gives rise to two design challenges in incor|>orating the 
FFT into higher-frequency analyzers. Because of the sam- 
jiling rate constraints of high-dynamic-rangc ADC-s, the fre- 
quency coverage (information bandwidth) of pre\ious FFT 
analyzers has been hmited, usually to less tlian 100 kHz* 
This has restricted their application to measurements of 
phenomena with a low information band^^'idth f e,g.t rotating 
niaclnner>^ servo loops, acoustk's, and niecb^mical vibra- 
tions j. Another prevalejit limitation in tbi^se previous analyz- 
ers is also a result of the FPT fund amen tab and haidwaie 
limitations. If the selections of samphng rates for time- 
domain data are limited gouig into the FFT algorithm, the 
user's abihty to select tm aibitnuy frequency sptm for analy- 
sis is also limited to predefined imd fixed analysis spans 
(e.g., 100 kHz, 50 kHz. 20 kHz, 10 kHz). A user who requires 
a span betw^een one of these fixed values is forced to select 
either a larger bmidwidlb. liiereby sacrificing signal isola- 
tion, or a smaller bandwidili, thereby sacrificing insight into 
at^jacent spectral activity, 

FFT Advantages 

So why bother designing an FFT-based anal>T5er? The an- 
swers are s[>eed and inlonnat ion. In a swept analyzer, tJie 
filter must be swept to a fretjtiency and settie<l before a residt 
is obtained at that single fret^ueTiQ^ The filter is then swept to 
the next frequency, and so on. 'Hit^ FFT algorithm emulates a 
parallel bank of filters that can settle im<i measure simulta- 
neously. For (^ompai-able-resolmion filien>. the FPT measiu-e- 
ment can be much faster thai\ the swept filter technique. 
The second part of the answer is infonnaiion. Since die finie 
data is llie fundamental data t>pe in d^e HP SOlxxA signal 
flow^ all characteristics of the signal are preser\ed for sub- 
sequent analysis. Tlie FFT algorithm is a jiaiHt ularly useful 
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way lo characterize amplitude and phase at all frequencies 
fsimuhanefjujsly. This makes the FFT technique iLseful for 
measuring tiine-\'ariam or iraiisiem signals. 

Another ad%^antage of the FFT is that it provides f nie-mis 
detection. This is lisefiil in making band power measore- 
menis, TVatiiiional analysers usually employ a peak detec- 
tion mec^hanism to ensure that signals are ^'measured" \vhel^ 
ever the resolution bin width is less than a display bin width. 
However, the result of this operatioti is tliat tlic noise floor 
is biased. The FFT algorithm has no such effect and thus 
allows accLu^tc simultaneous measuretnenls on signtils mid 
noise. 

FFT Design Challenges 

The fixed frequency span cojtstraint was a significmit issue 
ill the design mid developmeni o( the IIP 894xxA family. 
Traditional swept spectmni mialyzer users art* not accus- 
tomed to bemg limited to predefined analysis spans, Witli a 
swept IF analyzer, the user has almost infinite control over 
setting the measurement s|:jan. Another significant issue w^as 
the fixed relationslup of resoiiition b^mdwidth to the span and 
window filter fiuiction present m FFf analyzers. Swept spec- 
trum analyzers have the fieedoni to select a span aibitrarily. 
anci then to climige the resolution baiKlwirltti, changing the 
f reqi i ency resoluti on. 

These challenges are overcome in the HP 894xxA while still 
using the FFT algoridun as the basis for tdl frequency-domain 
results. Tlie fixed frequency spmi limitation is overcome by 
using the DSP to alter the sample rate of the time data input 
to the FFT algorithm. By changing the sample rate tu soft- 
wai'e, the user is given back the ability to control the span 
setting ai'bilrarily without sacrificing the advantages of FFT 
processing (see "Frequency Selective Analysis" below j. Tlie 
fixed resolution bandvridth/span/window lunitation is over- 
come by another DSP i echnic[iie. Using fretiuency-domain 
interpolation fzero padding) in the time domain before the 
FFT, the effective filler handwidlJi of a \\in(k>w can t>e 
changed withotit changing the span of the measuremeni. 
This restores the ability of the user to control resohition 
bandwidth independently of span (wittun limits). 

These charac:teTistics combine to jirovide a traditional spec- 
trum analyzer look and feel in what is limdatiienially an FIT 
mialyzer. The HP Hy4xxj\*s scalm" measuremenl nurdc Is a 
prime exami>le of this tnmsparency. This measurement 
ntode provides the greatest independence of span and reso- 
hition bandwidth of ail the measurement modes. ^Tien set 
for a span and a resohttiou bajul\\idth diat allow coverage 
by a single FFT, this UK^asurcmcnt mode will set ail of the 
frequency translating LOs (both analog anci digital) to fixed 
values and process the iticomuig time data with a single 1*TT 
to pru^ide the entire measto ement result at once. If the user 
witiens the span or reduces the resolution bandwidth so that 
the measurement cai^not be reahzed by a single FFl" the 
scalar measurement morle vtill revert to a stepped nnjtle of 
operation. In this mode, llie frequency translatiitg LOs are 
stepped to the beginnii^t^ band within the sweeij. Once 
settled, the instrutnetit collects a time rc^cord and transfomts 
it to produce the spectral result for that segment of the 
sweep, This segment result can be run through a software 
peak detector ruiuung iu the DSP if the resolution bund- 
width or bill widtli of the FFT is narrower than the display 



bin width. This detected segment of the sweep is then pro- 
cessed for a partial uprlate of the display. The measurement 
then steps the LOs to the nex^ frequency s^ian segment and 
repeats the prtx'ess until the entire measurement spar* is 
covered (end of sweep). Since the display is updated as the 
LOs and FFTs are tra<*ked across the span, the appearance 
is the same as that of a traditiona! swept ^ectnim analyzer. 

Frequency Selective Analysis 

Frequency selective anal>^is is a term used to describe the 
vettor signal analyzers abihty to apply a bandhmiting filter 
to the measured signal to limit the signal's information band- 
width. In one sense this capability is not luiique, M^my oscillo- 
scopes have a banrl width limillng filter. Also, most tmditional 
specrntni analyzers ha\'e a set t>f resoluiion brnKlvtidth filters 
from wJiich to choose. These filters limit the informarion 
bandwidth of the signal applied to the detector. What makes 
the vector signal analyzer unique is the combination of inii- 
nite arljustabilit^' of the filter bandwidtfi with nearly ideal 
filter characteristics. Wlvai me ideal characteilstics? hi tliis 
application an ideal filter would have a frequency response 
corresponding to a RECT function. Tliat is, it would have hnear 
phiise. zero group delay, no amplitude ripple, infinite stop 
band attenuation, and a 1:1 shape factor. Obviously the filter 
described cannot be realized. However, using digital filters^ 
resait^pling techniques, £md time-domain correct ionSt a fil- 
tered sigital path can be created that vety nearly meets these 
goals. Tlie composite tUter and time-domain corrections 
tyt>if^^^^iy result in a filler with a L3:l shape factor, passband 
ripple less than (1. 1 dB, zero group tielay, phase linearity of 
±1 degree, and stop- band attenuation of 111 dB. This filter is 
optimized for isolating signals^ and not for time-domiun 
characteristics such as overshoot and ringing. 

Why does one need in finitely axtjustabie filters? There aie 
two answers to diis question. The first answer is based on 
the types of measurements that can be made whh a vector 
signal atialyzer, such as modulation analysis. The vector 
signal mialyzer lias built-in demodulalion capability, and hke 
any receiver, the fidelily of I he rlenKHlulated signal will be 
degraded il~ signals nttier than Ihe one to be deniotlulatcd are 
present, hi most receiver systems the IF bandwidth is made 
Els narrow as possible to provide 'M\ optimum amount of se- 
lectivity. Since the vector signal analyzer is a getveral -purpose 
tool and not a receiver op?inii/ed for a pariicular tyije of 
sigucil, the optimum banil width for the filter cannot be deter- 
mined beforehand. Many Iraditional spectrum analyzers also 
bave demodulators, hi Ibese inslrutnentsthe resolution 
b ill I tl wi dd 1 fil ters se i-\ e ( o I i n u ! 1 1 1 e in formation bmidwi tl I h . 
However, with only a fmile number of resolution bandwidth 
filters to choose fron>, it's possible that the user Ls left with a 
choice between a filter that is either too narrow to pass the 
signal or too wide to reject anoilier signjiil in close proximity 
With the vector signal analyzers inllnitely at^justable band- 
width, an optimal information bajHl width can be set for any 
class of signal or measurement, hi the vector signal analyzer 
the tennsspan and infonnation Ijandwidjh mean roughly the 
same thing. The ouiy disfiuclitiii befween Ihe two is that the 
information bandwidili corresponds to die ;;J-tlB bandwidtii, 
which is 12 to 17 percent wider than the span, 

Tlie second reason for wanting variable information band- 
width has to do with selecting a si)mi, f>r equivahmtly, a 
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sample rate. With swept analyzers tliere aren't any limitii on 
the selection of sjjiui. Tlie user is free to choosp any start - 
Stop frequency pair. Tliis has not beo?n true for instniinents 
using FFTs to compute the spectnim. In tJiesc instnunenis 
only a fixed number of spajis can be select ecL This limiUtion 
is based on the insmnnent's al)itity t(j chaiige the rate at 
which I lie data is sani]»Ee<J. In most FFT analyzen?, such as 
the HP 35flf>5A dyiumuc signal ajialyxei\ the sample rate is 
chanty* m! ^jfKT I he signal has been digitized by the ADC This 
is done ilucjugli ibe iLse of digital iiecimating llllers- Tliese 
filters, wtiicii are iniplemenled in hardwiuc. halve the sam- 
ple rate by llrsf b^u id limiting the data ami then discarding 
every other sample of the resulting ovei'sampied data For 
example, the ADC in the IIP 894 lOA operates at a 25.6-MH5£ 
rate to produce a 10-MIIz maximum span^ To redLice the 
span to 5 Mliz, the signal is passed through a digital filter 
which retluces the bandwidth of the signal from 10 MHx to 5 
MHz. Then, every otlier sample is discarde<l to produce a 
12.B'MlIz sample rate. By cascatllng several decunat ing fd- 
ters, the sample rate and span cim be changed by L/(2^) 
wliere N is the iiuuit>er of decimating titters used. For nwre 
detail on how these filters are implemented m the vector 
signal analyzer, refer to the article on page 31. 

Tlie decimatjiig filters allow the sample rate and span to be 
changed by jjowers of two. To obtain an aibitrary span, tlie 
sample rate must be made infinitely adiustablc. TMs is done 
by means of a resan^pling or int etiolation til tor, which fol- 
lows the decimation filters. A brief description of the resmn- 
pling algorithm and how it can he used to change the sample 
rate is given in "The Resamphng Process" at right. 

Tlme-Doniaio Corrections 

When it comes to calibrations and corrections, previous 
generations of FFT anal^'zers have mostly ignored the time 
data. This has occinxed because it is much easier to correct 
the frequency spectrum data using multiplication than it is 
to correct tlie time tlata tti rough convcjlutioti. In the vector 
siguiil analyzer the a<xtnacy of tJie time data is ver>^ impor- 
tant. Not only is h the liasis for all of tJie demodulation mea- 
surements, but it is also used directly for measurements 
such as insiantaneous power as a function of time. Correct- 
ing the time data is the last step in creating a neaily ideal 
ban til inii ting signal path. 

While the digital filters and resampling algoritluns are re- 
sponsible for estatiUslnng the aibitraiy bandwidth (sample 
rate and span), the time-domain corrections determine the 
filial passband characteristics of the signal path. TimenHomain 
coiTcctions w^oidd be unnecessary' if the analog and digital 
signal paths could be made ideal rnfoilunately, achieving 
nearly ideal c liar act eristics in tiie analog and digital filters is 
either impossit>le or impractical. For example, the haidware 
decimation filters aje implemented as infinite impulse re- 
sponse (IIR) filters rather than as linear-phase finite impulse 
response (FIR) filters. Tlie llR filters were chosen over the 
FIR filters l]>ecause they ai'e more economical to implement 
given the requirements for speed, sliape factor. stoiJ-band 
rejection^ and tlie number of stages of filtering retiuirefl 

'fime-domaln corrections work as an equalizafion filter to 
compensate for j)assband imperfections. These impeifcc- 
tions come from jiiany sources. The IF filters in the IIP 
89440A RF section, tlie analog anti-aliasing filter m front of 



The Resampling Process 

In the HP B94xxA \fecior signal analyzers, the ADC and digital filters produce a 

dEgitai sequence xifni which is obtained by sampling tlie filtered input signal x,\i] 
at an effective sampting imerval of Tf , The resampling algorithm produees a dif- 
ferenf sequence x^lm] that is icfentical to the sequence That would have been 
obtained had x(t] been sampled at a penodtc interval T2 ^ If . In oth^r words, 
resampling changes the sample rate from ]fJ] to t/T^ after sampling has already 
occurred. 

The basic concept behind resampling comes from standard sampling theory, wfiich 
states that a signal can he reconstructed fmm iis samples proutded that the sam- 
ples are spaced so as tp prevent aliasing. Using this concept, the most direct 
approach to changing the sample rate would be tc feconsuuct the original signal 
x(t| ffom a sampled versjon of the signal and ihen sample the reconstructed signal 
at the new sample rate. 

However, it's not necessary to convert the signal back into its continuous form- to 
create jt^lm] In the following derivation, the sequence xjlnl is treated as a contin- 
uous sjgiial and IS represented as a series of weighted Dirsc delta foncLJons The 
sequence x^lnj (s described by 



Xidl = y j(iT)6(T-nTT j. 
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The original signat is rsconstructed by passing x\{t] through a reconstruction filter 
The filter is describad hy its impulse response h(l). Assuming that hit} is an appro- 
priate filter then x{t> is obtained by performing the convolution xi[t)*hjt), To distm- 
guish this result from the origmal x(t). the reconstructed signal will be referred lo 
as xit] Performing the convotution. 



m= Xi(T|h(l-T)dT 
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Using equations 1 and t 
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With the order of summation and integratton reversed, the sifting property of the 
Oirac delta function can be used to evaluate the integral, 



kit] = y ^nh^X-nhj. 



m 



Given that h(T) is known for any value oft, equation 3 can be used to calculate x(t} 
for any valoe of t fron^i the samples x(nTj) Limiting the values of t to the sample 
points for the sequence x^Imj produces the desired result, which can be written tn 
sequence form as: 



K2N =^ y xi[n|h(nrtTz-nTi). 
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I lie AI.>f, iuicl tlie decimation ancl resampling filters all con- 
tiibute to passband ripple and phase nonlincarities within 
the selected span. The time-domain conection or etiiializa- 
lion filter must compensate for these Imperfet tioiiji without 
adding any of its own. 
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The desj^ of the equalization filter has many cronstmints: 

• The filter must comxM?nsaie for ampliiiitle unflattiess and 
phast^ nonliBearit>^ \vi1hin the si>etine{i Information band- 
width (spiui). 

• The filter must not compensate beyond the span or the 
desirable efTecus of the j>re\loiis filters, sueh as sf op-hand 
attenuatioti. wUI Ih? diministied. 

• Tlie filter must ha\^e a minim tim-length impulse response. 

• The filter must be designed on-the-fly for the current instru- 
ment setup (e.g.. span) using the calibration data stored in 
nonvolatile RA3I. 

The design of the equalization filter begins hy extracting the 
ai>proimate information about tlie analog signal path from 
tfie calibration data. This calibration data, wHch is generateci 
by the instrument during self-calibration and stored in non- 
volatile memory, contains data for all possible instrument 
confignrations. The data extracted for tiie filter design will 
be a imictioji of tlie selected center frequency, span, input 
range (attenuator set lings), coupling, and input impedance. 
Once e-xbacted, the data is used to create a frequency-do- 
main correction vector (curve). 

Once the analog correction vector has been computed, it Is 
moditletl to include (he effects of the d^^cimation fillers and 
the resamjiling filter. VVliile the frequency respcjnse of eacli 
individual filter Ls known hy design, tlie combmeri response 
cannot be computed until after tlie user has selected a span 
because the span detennines the nmnber of stages <:if decima- 
tion as well as Ihe resampling ratio. The composite correction 
vector sei'ves as the basis for the design of the equalization 
iilter that will be applied io the time data. 

Fig. 3 shows a typical plot of the composite analog/digital 
correction vector for a 9.9-MHz spaJi, Tlie upper trace sliows 
that the mnplitutie of the correction varies over 6.2 dFi. Tlie 
lower trace shows the amount of compensation needed to 
correc t phase nonlineari ty. Over the 9.9-MHz span, this 
corresponds to group delay tUstortion of ov(^r 61X1 lis. 

Bandlimited AM» PM, and FM Demodulation 

Advanced noafifig-poinl I iSP power in the \\V BfMxxA has 
enabled the development of high-speetl AM, PM^ arui FM 
demoflulation algorithms capable of up to W display updates 
per second. The hardware digital local osi illaiorand deci- 
niatiitg digital ti Iters allow fully alias-protcclcd. baudlimited 
demodulation with spans as .small as J Hz, antl as large as 
7 MHx for the RF receiver mode antl 10 MHii: for basebajid 
receiver modes. Addititinally, ihe HP 894 U A extends the HF 
fre<iueocles that can he dem<jdulated to well above L8 GHz. 
The wide frequency coverage, bandlimited analysis. Itigh 
accurat^y tlirough time-domain caliluatjf>n filici-s, and typical 
dynamic imige above 70 dH offer new insight into many de- 
modulation applications (see "Applications for Demodula- 
tion" on jjage 12). 

Tlie analog demodulation signal processing bloc:k in Fig, 1 
on page 17 contains the AM, PM, and FM demodnlation 
algorithms. This block precedes time averaging, the only 
(lilfertnice between the analog demodulation an<l vector 
mea.siiremenl modes. Thus, most of dn> Hint 'Wiive form signal 
p vt H M\ssl iig ca] >ii bill t iet^ i n vector n \ i ^iLs l i re m e n t s , si ic I \ as 
spectnmis, time gating, and averaging, are also available for 
fjemodiilated time waveff>mis. For ex^nul)le. a PM spectnim 
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Fig. 3. Tl n \ trior sigiml analyzeiTs rtorrect the t^mic time data for 
sigtifil patti iiiiperfertions. Shouii liere^ is a t^TJic.al plot of the magni- 
tude (Tracp A) find phase (Trace B) of the composiie armlog^dl^tal 
correction vector for a 9.9'MHz span. 

cmi be averaged to generate a phase noise display. The iiiea- 
suremeiit processes time data in block fashion with the res- 
olution bandwidth determining the length of Uie tin^e record. 

Low-frequency information can be carried on a high- 
frequency sinusoidal signal, or carrier, by varying the 
carriers amplitude and phase angle. The instantaneous fre- 
quency of a sinusoidal signal is given by Ihe time derivative 
of its j^hase. Thus, the frequency mtidul:Uion of a canicr can 
he ctmiputcd by taking tlie time den\a live of the phtLse mod- 
ulation. These are the basic principles applied in the liP 
H94xxA demodulation algoiithms, cjrighifilJy deveioped for 
the IIP 3562 A djiiamic signal analyzer.- 



A earner without modulation caii be expressed as: 



(I) 



with ampliiude C, frequency o>f, and phase offset. <l)c> Con- 
m\eT a complex modulating waveform: 

m(t) = [l ^^ a(t)]e>'^^tJ 

where a(t) and (\){l) are real amplitude and phase mochilat- 
ing wavefoniis, respectively. Thus, a real modulated carrier 
call b^ written as: 

xft) = c:m{t)e'<'^'<-^'^'^^i + Cm^CDe'J^"*^^^'*^* 
= 2C[1 + a(t)]cos[wct + 4),. + (pftj). 

If (1)^. is large enough to prevent sidehmids in the poshtve 
and negative fretiueney images of jn(t) trom overlaiipirtg 
when summed in x(t), the amplitude and phase modutating 
component*^ in m(t) can be unambiguously obtained by 
.shifting the i}ositi\'e Imjuency image in xft) dfjwn to a fre- 
qiiency band near i]c and tillering the complex time wave- 
fnrm witli a digital low-tiass Oiler to reject the other image, 

(mmpriLied qm page 13| 
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Applications for Demodulation 



The HP 8g4xxA vector stgfial analyzers provide digual signal processing [DSP) 
dsmodylation algoritlims ro extraci AM, PM, and FM modulating signals, With the 
demodulator placed upstream in the signal processing flaw, many of the vector 
signal anaiyzei's powerful anafvs'rs features can be used on demodulated wave- 
forms. A few of the many possible applications of vector signal analyzer 
demodulation are described here 

Phase Nofse Measurements 

The characterjzatKin of phase noise is an sncreas^ngfy tmpartani requirement in 
mocfern cDmrnunications systems TradiiionaUy this has been a very difficult and 
time-consuming measurement The HP 894xkA vector signal analyzers greatly 
facilitate this measurement for all systems but those with the most demanding 
phase nofse requirements. The power of these analyzers is m their ability to make 
very fast direct phase noise measurements m any domain relevant to the user For 
instance, transmitter designers are most fikely interested in measuring the noise 
spectral density around the carrier or the mtegraied band power in adjaceni chan- 
nels. EJsers interested in the recovery of digitally modulated informaiiDn may be 
most concerned with the peak or rms phase devtatron of the recovered vectors, 
which can be directly measured using the vector signal analysers' PM demodula- 
tion capahilily. The HP 894kxA produces results quickiy and easily in any of these 
domains. A typical measurement is shown in Fig. 1 

The vector signal analy^zers are capable of mathematically locking to unlocked or 
drifting earners using the AutoCarrier features (as long as the carrier is not dig^ 
tally modulatedK allowing fast and accurate averaged measurements even under 
these conditions. How last is "fast"? For many measurement situations, users will 
make accurate measurements in seconds that had previously taken mmutes or 
tens at mmutes to complete Measurement speed improvements of 1 D to IDCO 
times can be expected For more infonnatron refer to HP Product Mote 89440A-2, 

VGQ Turn-qn and LO settling 

The vector signal anelyier's demoduiation capabilities are powerful for a variety of 
VCO or local oscillator it an si en t measurements. For example, the frequency trajec- 
tory of a VCO at turn-on can be evaluated using the FM demodulation feature. 
Similarly, an LO or phase- locked loop transient, such as that following a frequency 
change, can be directly measured for frequency or phase settling trajectories 
using the FM or PM demodulation features. For amplitude or power variations 
during the transient, the equivalent of a iero-span measurement is used, rather 
than the AM demodulation feature (see "Zero-Span Measurements" below]. This 
is because the AM demodulator measures percent AM and the carrier power 
estimation is htased by the transient event itself. 

When a transient is acquired in time-capture mode, it can be played back into the 
measurement as many times as is desired. Thus, one playback can be done with 
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the analyzer set up Ea make the equivalent of a zero-span measuremeni and 
another into the PM or FW demodulator Displaying both results together provides 
a Sfde-by-ssde comparison of instantaneous carrier tum-on power and phase or 
frequency during the transient 

Because of the vector signal analyzer's internal quadrature down -conversion, 
phase and frequency modufation are measured essentialiy continuously through- 
out the time record, without the cycle quantization limitations of counter-based 
modulation analyzers. This results in an extremely good combination of time reso- 
lution lot the transient event] and frequency or phase resolution for those demodu- 
lation types. An example of an LO frequency settling measurement is shown in 
Fig. 2- For more information refer to HP Froduci Note 89440A-5. 

Zero-Span Measurements 

Zero -span measurements wsth swept spectrum analyzers measure the AM enve- 
lope as a function of time. The vector signal analyzer also measures AM envelope. 
but with a different approach that offers distinct advantages over traditicrial 
swept technology. 

In a swept spectrum analyzer the ceoter frec|uency is set near the carrier, The 

frequency span is set to lero to prevent the LO from sweeping. The sweep time is 
set to some nonzero value, limited by the resolution bandwidth filters and detec- 
tor. In a vector signal analyzer, the RF signal is down-converted to IF and sampled. 
The signal is then dawn-converted in single-sideband fashion to dc and bandlimited. 
The bandlimitmg is performed by digital filters, which perform the functional 
equivalent of resolution bandwidth fitters for swept spectrum analyzers in zero-span 
mode. Thus, in a vector signal analyzer, the user sets the measurement span, not 
the resolution bandwidth. Setting the width of the main time record is equivalent 
to setting the sweep time. The complex time waveform is [convened into an AM 
envelope by selectinQ either the linear or the logarithmic magnitude data tonoat, 

For clarification, the vector signal analyzer implements resolution bandwidth 
filters by way of the fast Fourier transform algorithm. The input signal bandwidth 
is first limited by digital filters set a little wider than the measurement span. In 
generating a spectrum display, tfie FFT can be thought of as a parallel bank of 
narrow resolution bandwidth filters that farm a comb across the measurement 
span However, no FFT is used if the time domain \% displayed, Thus, the band- 
widtft for lime displays ss limited only by digital fillers The only effect of changing 
ttiB resolution bandwidth on a time -domain display is to change its length, 

Communicaticn systems are requiring measurements of increasingly faster carrier 

ramps wtth laro-span measurements. The rate at vvhich a zero-span messuFement 
can handle a can-ier ramp is limited by the rise time of the selected fesolutton 
bandwidth filter As the resolution bandwidth is increased, the rise time decreases, 
allowing finer time resolution 
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Typicalfv, swept spectrum af;alyzers have a maKmum fesofutiuri barrdwJdth of 

3 MHi In contrast the maximum span of the HP 894xxA vecltjf signal mahfmr \s 
1 MHz in the f^ rec&fm mode m\6 10 MM? in the basilsa^ fBcetver mode Jhm. a 
key aflvantage in the vector signal analyiei is that finei time resglution is possiirie 

The accuracy of swept sp^itrum analyzers is limited by the resolution bandwidth 
filters. iDgarithmtc tmphfjer, and deiector, aU of which are tmptemenied m analog 
circuitry for wide resaiuTian bandwidihs The vector signal anaivre^ safnplei the 
signal dimctly at IF Filtering, logarithmic convefsion, and detection are all f^r- 
formed digitally in the vector signal analyzer, providing unmatched accuracy for 
AM envelope measurements 

Add it finally, the vector signal anatyzer offers signal processing tfiat displays the 
AM modulating signal in unrts of AM modulation depth for nontrafrslent amplitude- 
modulated can^iers This \s done with signal processirtg algonthm^ that automatical ly 
rentove the tamer amplitude offset end normalize to the carrier amplitude 

Uftrasound TransduQer Analysis 

Demodulation can provide usefuE insigiits into the behavior and performance of 
ultrasound transducers. The voltage on the transducer can he measured by the 
yector sigoal analyzer and FM demodulated to provide a hecfuency profile o\/er 
time of a transmit pulse and echo. The demodulated FlVl time waveform will gen- 
erally show four components First, large FM noise deviations will dominate the 
time display mrhere there Is no signal, such as before exatation and before the 
echo is received When the excitation arrives, the noise fluctuations turn into a 
flat signal with an FM deviation corrES ponding in the difference between the 
excitation frequency and the measurement center frequency Upon removal of the 
excitation, the transducer begins to vibrate at its natural resonant frequency, 
dissipating stored energy This induces an electrical signal, which the vector signal 
analyzer can measure and demodulate, Thus, the natural resonant frequency of 
the transducer can be measured. 

Finally the echo will produce transducer vibration, which can be detected in the 
demodulated FM time waveform. This is generally very weak and noisy in appear- 
ance. If a trigger is available, this measurement can be averaged to improve the 
signai-to-nnise ratio. 

The envelopes of the transmit and receive puEses can also he observed by se^ect- 
ing the linear or logarithmic display tormat in vector measurement mode. Band- 
width is contra I led by the measurement span The analyzers high sensitivity and 



wide dynamic range a:low surprisingty v^eak echoes to be ohseived m a logarith- 

mtr time d'Spfay 

Auiiimaiic Gamer Frequency Detenni nation for Broidfaand Iransmisstons 

Automatic canier ffequency estimatiDn is available fof PM and FM demodulation 
The earner frequencv is estimated rndej^ndently over each time record An addt- 
tionaJ featyre m fM allows determining the earner frequency more accurately 
when meamjring sipals with bfoadbarKJ modulaiion 

W'rth averaging turned on. the FM demodufator will pertorm a wetghted average 

on each of tfte carrier hequeocy estimates- This average can be displayed on the 
demodulated trace as a mariner function, It is also used ID compensate the FM 
result for the frequency offset arising frem the difference between the camel 
frequency and the measurement center frequency. 

Best results are obtamed by setting the measurement span slightly larger than the 

bandwidth of the modulated signal- The digital fdters can easily reject alternate 
channels., but overlapping adiacent channels will degrade perfonnance One should 
select the minimum resolution bandwidth possible and select 3Z0t frequency 
points t33 increase the number of samples in the time record to the manrmum 
allowable. More time samples will reduce the variance on each carrier frequency 
estimate. 

Although not obvious, the carrier frequency of digitally modulated carriers as well 
as FM carriers can he determined using this technique. Data on a digitally modu- 
lated earner must be random for tlie estfmated earner frequency to converge on 
the true carrier frequency. This condition is.generally met in channels carrying 
normal data, 

A typical application is to find the canier frequency of a signal on a satellite cha^T- 
nej. Satellites often carry a mixture of FM and digitally modulated carriers. The 
vector signal analyzer's digital tifters can be chosen to select one channel of intar- 
est and reject others The eshmated carrier frequency can be used to venfy that 
the proper transmitter frequency is being used far that assigned channel space. 

Timothy L. Hillstrom 
Douglas Wagner 
Development Engineers 
Lake Stevens Instrument Division 



The digital r^ceh^er archit^^cture' of the* HP 894xx.\ jierfomis 
the equivalent of this smgle-sicled shift anf I tllter with a 
quadrat itre local osciDator and sepaiate low-paSvS deciinatiitg 
filteiB to reject liiglter-order nuxiiig components. The in-pliase 
and quadrature-phase components ate recontbined in DSP 
memory and treated as a single-sided complex waveform. 

The local oscillator can be represettted as a complex 
sinusoid: 



lyCtJi = C'll + a(t)l, 



(3) 



e-j(wLt + <tJL| 



(2) 



where ojl ntnst be close enough to oj^ ^hat after ntul tip lying 
x(t) by equation 2, the positive frequency image in x{t) is 
shifted neai- enough to dc to keep all sidebands of mft) within 
the passband of the low-pass decimating filters. Under this 
assumption, the negative frequency image uf x(t) is com- 
pletely rejected after filtering, tuvd the resulting complex 
time waveform is expressed asr 

The amplitude modulating waveform, a(t), is recovered by 
fii'st taking the magnittide of y(t)i 



estimating tlie carrier amplitude \\dth a wH^ighted average on 
equation 3, removing tiie carrier ampliUide from equation 3, 
and nonrtalizing by the carrier amplitudei 

m = [|y(t)| - c]/a 

The result, a(t), is in tmits of amplitude utodulalion deptJi. 
For example, a maxim tim zero-to-peak amplitude of 0,5 for 
sinusoidal a(t) corresponds to a modulation index of 50% on 
the earner. 

Eqtiation 3 represents the AM envelope and can be obtained 
in the vector measurement mode by selecting die linear- 
magnitutle data format for tiie time wavefonn. This is useful 
for cattttiring transient events for wliich an average on equa- 
tirui 3 doviy not give a true estimate of tJie carrier amplitude. 

The phase of y(t) includes the desired phase modulating 
waveform, (j>(t)j as well as a phase offset and ramp: 

Ideally, the local oscillator is eqtiivalent to a coherent car- 
rier, providing carrier-locked demodulation. Thv condilion 
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of carrier lock is met when mi - cu^. ajicl (j)^ = 0^-, ^^ whidi 
rase the phase of y(0 yields the desin»d phase modulating 
waveform: 

The HP S94xxA provides a rear-panel 1 , 2, 5, or 1 0-MHz ref- 
erenee input. The irP894xxA's digital hiial usrilhitor ( ;in iFe 
set to tjie same frequency its a carrier syntiiesizt^d from the 
reference. In this case, the digital local osrillaior is frequen- 
cy-locked anfi phase stable with res|X't 1 to I he ((UTler The 
pliase of the canier is not available because I lie digit<il l<K:al 
oscillator Ls derived from frequency division atid nntltlplica' 
tion wit It respect to Llie canier. This leaves a (jhase (jflKet in 
the phase of y(t): 



^yfn((t) = ((l>c - <Pl\ + 4>(t)- 



(5) 



To obtain the desired phase modulating wavefomi for frt*- 
quency-locked measm*ements, the phase offset ((i>c — ^\J is 
removed by computing a weighted average oji equation 5. 

A second PM demodulation mode is a%^ailable wtien a fre- 
quency reference cannot be obtained. In Ibis case, tlie car- 
rier jiluLse ramp, [if\^ -<iil)Ii requires different compensation 
to retiievi^ the desired phase modulating wavefomu Time 
differentiating equation 4 eliminates the phase offset,, givini?: 



P(t) - (uv - tJJJ + d(}j/dt. 



(G) 



Calculating a weighted average on equation 6 gives an esti- 
mate of tile frequiMuy offset, to^. - tr)| . Removing the esti- 
mated fretiueticy offset from equation it leaves the t>ec|ueiuy 
modtilating waverorm. This is ini(^^raie<l with respect to 
time, providhigthe desired pjiase modulating wavefoi'm, 
(|)(t), vviih alt carrier components renioved. 

Frequency demodulation follows c^ssentially the same steps 
asjibase demofhilation. A bigh-*[uality differentiator is ap- 
plied to equation 5 to retrieve the frequency modulating 
wRvt*tV>rin. 

All earner ( offset conti>ensatio!i can l>e turned off In this 
case. PM dejuodulation is equiviileni iu .select irtg t be jihase 
data fonnat on a time waveform in tlie vector measuremeni 
mode. Deactivating carrier offset compensation is useful for 
capluring ti^ansiem events for which an average on equaticjn 
5 or 6 will not ju'ovide a true estimate of pliase offset or 
frequency offset. 

A frequency offset is independently estimated for each data 
record sent to the demodulation signal processing t>lock, 
Tlie est imate<l frequency offset smnmed with tlie HI* 894xxAs 
Jocal cjscillator frequeruy (the cerUer frequency cjf the mea- 
surement) isavailal)ie for disiilay on the tleniodulated data 
trace as tlie estimated cartiei' frequency. 

The accuracy of the carrier compensation algorithms de- 
pends on how close a(t) and (\>(t) approximate aero-mean 
fiuictions over each data record sent to the demodulation 
signal processmg block. Blasts on tlit* estimated carrier fre- 
quency become significant if a sidebmid amplitude is willnn 
several dB of the carrier tmd close enough to the Citrrier to 
result in fewer than approximately ten cycles over a data 
record. 

With complex modulation, tliere can lie unacceptable van- 
mice in the esiiinated carrier frequency TliLs variatice cmi be 



reduced substantially by averaging the estimated carrier fre- 
quency F<jr FM (Jemodtilatjon only, averaging will acti\^ate tm 
exponenlicii average of each estimated frequertey offset, and 
this avemged estimate will be ased to corrn>crisid(^ p<iuation t>. 
An equivalent exponential average is performed oJi estiinates 
of the canier amplitude for averaging in AM demodulation. 

Tlie HP 8^440 A pro\ides one channel of RF information for 
denioflulation. Two chaiuiels can be independently den^odu- 
lalcfl ill the baseband receiver mode. Wlien the receiver is in 
HF modCf the second IF chaimel can measuii^ hiisebanil sig- 
ruils to I* (^fHiiparison with a demodulated signal hi the HF 
chatmeL 

Simuitaiieous HF and Baseband Measurements 

One of the more useful features of the HP 8944t)A vector 
signal analyzer is its ability to demoflulate an RF signal on 
one channel while simiilttU\eousiy measming a Ijaseband 
signal on the second. This feature can be usetl to isolate the 
signal causing disturbances in an Li), to measirre the fre- 
quency rciriponse of a modulates; to study the loop charac- 
teristics of a phase-lockeii loop, or simply (o measme the 
time delays V>etween liaseb^mti and mtKlulated RF signals. 
All of tlu* two-channel time and frequency meiisurements 
that can l)e jierfonnc^d witii the bas(4)and analyzer, such as 
frequenc:y lesponse, conelation, coherence, or cross spec- 
trum, can l)e ]>erformed for a demodulated RF signal auf 1 a 
baseband signal. 

The concept behind these measurements is quite simple. 
Imagine compaiing a signal that was iLsed to modulate a 
canier with the output of a demodulator operating on the 
modulated carrier. 11' the moflulator and rlemcMlulator are 
ideal, then the two signals will be identical If otily the de- 
modulator is ideal, theji the two sigjials can be used to study 
the characteristics of the imperfect modidator The vector 
signal anal^-zer can <lirectly measure rlie first signal (on the 
IjasebatKl channel ) and at^cnrately demodulate the RF caiiier 
t<j measure ibe second signal. 

To measure the response of a modulator, the ba.seband 
source would be connected to tlie input <if the modulator, 
For frequency respoiise tneasuremejits, the source wouki be 
used tt:> generate broadband signals such as a periodic chirp 
ur rarulom noise. For time-domain measurements, the ^ubi- 
traiy capalnlity of tbe source niiglit be used to generate a 
ratup or stej). Tlie source signal applierl to tiu^ c ircuit imder 
test would also be connected to the baseband input so dial 
it could be measured as a reference signal. The RF cluumel 
would be used to demodulate tbe carrier at the modulator 
oiutvut. [^sing data from both channels, the response of the 
motlulator to the source sigiiitl can be determined. The stim- 
ulus and response can be compared in the time domain or 
combined to compute a frequency response. 

For detenuining the source of disturbances on an oscillator 
the RF chaimel would IieciHUiected to the oscillator ou I put 
and a demodulator selected. I^pically a phase or frequency 
demodulator vvoukl l)e used. A probe would be attached to 
the baseband cbaiuiel so that various signals in the circuit 
could be easily measured and com paired to the deniodulator 
tRiqjut. For exmut>le. rhe jirolje might fu'st l>e ct>nnected to 
the power supply line, mid then moved to a nearby logic line. 
Depending on the \y\)e of distm bance. the user would either 
compare the signals diiectly Ln the time domain or use tin* 
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two signals to compute the crosscorrelatior or coherence 
functioiis- 

Internal to the iiistniment, both input channels are identi- 
cally configured for RBl>aseband measurements except that 
the BF channel has a demodulator added to the signal path 
and the digital LU for the basebani^ channel is configiired for 
a center frequenry of Hz. This resulf-s in boih channels 
havdng the saine satnple rate, which Is neressaiy to allow 
cross-channel measurements such as freqfuency respor^se. In 
the process of converting a complex sigi^ into a real signal 
(with the same sample rate), the demodulator reduces tiie 
infonnation bandwidth of ihe RF channel by liaLf. The data 
for the second ch^innei is also complex, but since the imagi' 
nar\^ part of the wa\erortn is scero (because of the frequenci^ 
and phase of the digital LO), the signal is treated as a real 
signal and only half of the specTnmi is displayed. 

Time Selective Frequency Analysis 

Often, today's spectrum analyzers are called uprm to tmnlyze 
signals that are not contmuous. To avoid conTamination l>y 
unwanted signals, pulsed or transient signals must be Isolated 
in time before being converted to tiie frequency domain. The 
following few examples show how pen^asive time-variant 
signals have liecome: 

• In the United States, a frame of television video is broadcast 
as 525 Unes in two interlaced 11 elds. Lines 17 through 21 of 
each field are reserv^ed for test signals, which may coexist 
with normal picture infonnation. 

• Time-di\1sion multlt>le access (TDMA) signals reqnire 
pulsed mrjfliilation <if an RF" carrier For the North American 
Digital rellnlar (NADC) system, a 4{)-ins IVcime Is corttposed 
of six (>.6b-n\s slots, A frmne can carry tluee conveisations^ 
each using two slots. Base station transmission is not 
ptdsed since power consumptif)n is not a m^jor concem. 
Mobile station transmission is pulsed to conseive power. 

• Codenrhvision multiple access (CDMA) commviiucation sys- 
tems combine digital nu>dulation and spec Irum spreading 
teclmiqties to cremate broadbanti signals tliat aie immune to 
noise. Povvtn' in a mobile CDMA phone is gated on and off iti 
L25~ms IjuisIs wiien tht* data rale Ls less than Itie ftill fKiOtI 
bits per second. 

hi addition to isnlatitig valitl iuroniiation within a pulsed 
signal, time selectivity is criiitiil to analy/Jng transienis snvU 
as transmitter turn-oiL 

Often the. user must think abotit a measurement problem in 
the time and frequency domains at the simie time. As dis- 
ctissed em'hei'j die IIP 804 x^ A vector signal iinidyzers' acytist- 
able irifofmation baiidwidt li jnovides the user with control 
ovcT dte freqnency-dfmiain as]>ects of the metisiuement. 
With accurate hardwrne triggering ajid flexible time-recoi'd 
processing the user can address mmiy of the time-domaiti 
issues. How ever, thc^se two asj^ects of the measurement are 
not independent. Because of the nature of the FFT the ex- 
tents and resolutions of the time-dommn anti freijuency- 
doniain flata mv intt'n'elaied. Tliis is shown F'ig. 1. Most FFT 
sii^jial analyzc^rs force the user ro iuterad primarily in the 
frecjuency domain. The time record size is a tlxed number of 
points (generally a power of two) and span is the only param- 
eter iindi»r the user's control. This me^uts that time recortl 
length (in siH-onds) is determined directly by the span. The 
user has no conlrol over the inslrurtrc^nt's resolution band- 
width aside From chiuigiug the spatL Scjnu^ of the newer FIT 
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Fig* 4, Son^e meaiJurfments ttave lx»th tiine-<lf»niain mai frequwKT, - 
doniiiia aspects. Bt?cattse of the nature of the fast Fourier Ltansfonru 
diese two aspeels are not independent. The extents artcj n^solutions 
of the tiifie and frequency flata are interr elated as shovvii here 

signal analyzer?* give the tiser several options for the number 
of time points, but the time record length is still diiectly 
dependent on the span. While the HP S94xxA supports this 
traditional FFT mode it also allows the user to select the 
tinte record length or resolution banthdddi independendy of 
the span. Time record length and resolution bandwidth are 
still related by: 

RBW = WBwrv. 

where RBW is the resolution bandwidth in hertz, WBW is 
the noise bandwidth of the time window in bins, and T is the 
time record length in secotuls. The number of time points 
can no longer i>e diret tly .set. Inslead, the maxinmm ntunber 
of time I joints the ajialyzer can store imposes a limit on the 
choice of T (and on the minimum allowable resolution band- 
v^idth) for the particular sample rate, which is determined 
by the span. 

It is easy to see that to supiKjrt variiif>le resohition band- 
whlths, tire HP894xxA measurement ait hltecture must be 
able to h mi die variabk^sized rime records. This ;ilTp(ts all 
meastuement and dis]3lay-ielated signal jirocessing, espe- 
cially conversion between the time and frequency domains. 
Since the FFT is iieifonned only on timt* records that aie 2^ 
siimples in si^e, tlic IIP S?)1xxjVs :ultitrarily sized Umc re- 
conis tnust bt^ zero padded Ix^fore tn^rfonniitg the WL Zero 
padding merci'ly adds zeros to lite ends of the time record 
and chmvges the resolution of the frequency record. It does 
not alter llie ird'orniation contenl of the data. Zero patlclinj; is 
iniplemented tlirotigh die airplication of die time wiufjow. 
The width of the time wiEidow is not constrained to be inte- 
ger multiples of the siunple time. Therefore, idthougli the HP 
894xxA \^ector signal analyzer operates on discrete time 
dala, (iiis imposi\s no quantizing effects on the resolution 
liatidwidth. Based on its phase characteristics, the time win- 
dow selection det:ernttnes if zero padtUng is done at the etui 
of the time record or if the time record is centered and zero 
padded at both ends. The effects of zero padding must be 
undone following the inverse FTT of the frequency data, in 
this case tiie time record must bt^ resized and possibly 
shifted to remove all artificial zeros at the ends. 

Often during a measurement-, the user is not sure of what to 
look for or where the signal of interest lies. In this case the 
user itiay watU to see a signal over a large st^^nient tjf 11 me 
to help isolate the pfunion tu l)e analyz^ed. Tfie HP B94xxA 
vector sigital analyzer stii)pot1s this through its time gating 
feature. The user sets a main data length, which defines the 
extent of the time data to be acquired. Ont^e the mniu dat:i 
[vtis l)e(>n acquired \Uv ns(*r am gate otit a region of I he main 
data to be anatyztni ftirlhtT. All stibsequent time and fre- 
quency analysis will l>e jietfonited on the gate region. Gener- 
ally, the size and positioj^ of the gate region cmi bc^ t'htmged 
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Fig, 3, Time seleciivre frequertcy analysis can display tlm spectniiii 
of the second piilsi? of this two-pulsr* wave form- 

and the data reanalyzed without retaking the main data. By 
simultaneously ohsening the main time. ^a(e lime, antJ jt^ale 
spectrum the liser gt^ts a t (mi^ilete j jit lure of the .signal nf 
interest including where it fits wiihin a larger sequence of 
events. Fig. 5 shows how the HP vector signal analyzers 
interact with the user to perform time selective frequency 
analysis. Tl^e upper trace shows a two-pulse time wavefonn. 
A pair of vertical gate markers are placed over the right 
pulse. The frequency-domain representation of that gated 
pulse is shown in the lower trace of the disjilay. 

Certain measurement situations require that a large amoimt 
of time data be analyzed. If the signal is transient in natiu^e, 
if it must be analyzed without any lime gaps, or if it must 
reanalyzed several times the III* 8M4x.\A's tiuie capture fea- 
ture can be used In time capture mode, up to 10*"^ sainplt^s 
(or half as many for each of two channels) <^aii be acquired 
and stored in the sample RAM. This data can then he |)layed 
back into the measurement as many times as necessaiy. 
During playback all of the measurement's features Bre avail- 
able. For instance, the user can reaiialyze the data with 
severtU resolution bandv^adths or time windows. 

Conclusiofis 

Making the complex kmd powerful measurements associated 
with today's sigiials ajid systems is inevitaljly more difficidt. 



Aprimaiy goal for the vector signal analyzer projecl teanis 
was to create anal>i:ers ihat c;m handle the complex interac- 
tions between the frequency, time, and nK>dulatif)n doniiiins 
by lliemselves, freeing the user lo < r>ncentrate on the de- 
sirefi measurement results. Tliis approach avoids iUienating 
the users of traditional analyzers while providing the tools 
required for the tlemanding measurement needs of today 
and loniornm. 
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A Firmware Architecture for Multiple 
High-Performance Measurements 

The HP 894xxA vector signal analyzers perform fast, sophisticated 
measurements on complex waveforms. The firmware architecture 
provides access to multiple processors to meet the high-performance 
requirements while allowing Individual measurements to share common 
features and protocol. 

by Dennis R O'Brien 



The HP S94xxA vector signal analyzers offer a diverse set of 
advanced measurements. The measurement firmware archi- 
tecture was df^signed with the two preeminent reQuirements 
of performance ( Le,. speecf of operation) aiid functional 
leverage across muitlple measm'ement modes. 

Measmement performance is measured in Terms of fiolh 
loop time and user commmid response time. Loop time is 



expressed as either display updates per second or real-tinie 
bandwidth, that Is, the maximum frequency span at. which 
tlie input signal can he processed without missing data. ()f 
these two performance meaf^ures, [uop time generally look 
precedence when design trade-otTs were necessary. In Fig. I . 
which shows die flow^ of signal processing for three of the 
IIP 894xxAs foui' measmement modes, the loop time is Uie 
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time required to process the data from the sample RAM to 
tJie display. 

Each nieasurenienl mode offers the user a variety of signal 
processing custoniizations in addition to nuinerous standard 
features. The standai'd featmes, common to all inecisure- 
menl modes, presi^at a consist enf lor^k and te*^l lu (he user 
anil make eacli measurement operate as a "f^nod citii!;en'' 
within die overall instrument finnwarc arcMtectnie- F\g, 1 
shows that each of the HP 894xxAs measm-ements can use 
arbitrai>' span jyid time-domain corrections to roiidititjn (he 
incoming time data. i;mtl dvat tiace display condil joining op- 
erations such as user math, coordinate transfonnatioH, urnis 
conversion, seating and pixelat ion are also used in coiunion 
by all measureTnent.*;;. 

Nunterous additions to the standard features are required to 
meet the signal processing demands of indj\i(iual measure- 
menls. In many cases tJiis special signal processing is lever- 
agetl across several measure nienLs^ — averaging, time gating, 
anti tinie-to-freqiiency conversion mv good examijles. How- 
ever, some additional signal processhig is so sperialixed that 
it meeis the nee<is ol" only u single measuj^emetit— aiialog 
and digital demodulation. Tor example. 

A far bigger part of the nu^asurement task dian signal pro- 
cessing is control, U is by ohsening ccpmnion t onventions at. 
its ft nn ware intei face thai a mcasiu'cnient maintains its 
"good citi^eiv' standing. Also, it is in obsen-ii^g ctmmion in- 
linnal convtMiiJons rliai all ineasmvnienls ])res*'nl ;i rorisis- 
teni interlace 1o die user Mosl fd ihe coiitjol features of the 
HP 894xxA's nieasyrement system ai'e shared by all of its 
measurements. Some of die standard control features 
designed to provitle consist ency to I lie user aii': 

■ Measiuement iiause/continue 

• Measurement rest ait 

• Single/continuous sweep modes 

• SC'PP' operation complete 

• St'Pl status regislcr control 

• Recomputation of results following parameter changes. 

Some of tlie stand aid control features designed to provide a 
unifoim inteiface to the rest of the Unaware are: 

• Parameter change htmdling 

• Fonnalized interac lion wiib die calibration process 

• Fonnalized interaciioji uith the autoratige process 

• Measurement activation mid deactivation 

• Measurement memory reallocation 

• Premeasurement trace resnlts infonnation tracking 

• Run-time measiuement trace resnlts infonnadon tracking. 

To support a tiiverse set of measurements that share many 
common control tuid processing featiu-cs tmd whose piimaiy 
requirement is high pei fVjnniuice, the metismement firmware 
archit{»cture was shapetl by these goals: 

■ Fully utilize tlie DSP9^^)(12 signal processor to pro%ide the 
highest possible perfomiance. 

• i^rovide default control anci signal processing implementa- 
tions of basi(* features that are easily inherited by indi\1dual 
meiisuremerits. 

• Make it easy to customize the default eonlrol and jjrocessing 
features for individual nicjisurements. 

• Implement the measurement architectuiT as a platform 
upon which futiire measurement designs can be built. 

• SCPI t Standard Commands tar Pfogrammable Instruments. 



Data Structure 

All of the HP 894xxA meiasureuients are block-oiiented, tlvat 
is, tliey operate on blocks or aixays f)f data diat represent 
the signal over a given r^mge rather than at just one point. 
The fundamental data structure is a vector; which embodies 
both a data an'ay and a header structure. The data porlion of 
the vector is generally represented as 32-bit floating-point 
numbt^rs Miroughout the niftisurement and may lie either 
re^al or conij)lex. h isconvetted to integer format as part of 
the display t^rocessing. Thr^ header structure contains in for- 
mat it:m al>out botli the measurement setup that, produces the 
data (cenler frecjuency, span, input range, etc.) and the data 
it self (such as whether or not it contains overloads). 

Each measurement uses a collect ion of vectors. Fig. 2shows 
tiie \'ector allot^alioji for the fdP 8M4x?cA vet. I or measurement 
mode. The timeData, IreqDaia, and avgBufData vecioi's ctmtain 
the measurement's raw data, Tliese are the measurement's 
fundamental results. All user-selectable measurement re- 
.sulls rnnsf be derived from these. The measData, dispDaia, and 
pixEufData vectt>rs are trace-onented^ so diere are fom' of 
earl I. or one per trace. The measOBta vectors are vector 
pojjiters tJiat point to one of tlie mathMeasOata vectors, which 
( oufain the final version of each user-selected measurement 
data result. There niay be niaiiy more than four of tiiese, 
since user math uses them as inpia operands and it is not 
constrained to use only displayed data. Tlie msihMeasData, 
measData, dispDsta, tuid pixButData vectors are collectively re- 
ferrcfl to as the trace v[*ctors. As will hv seen, several pro- 
cesses tiave access to the tiace vcclors. Therefore, a jjrotec- 
tion mecliimism is required to restrict access to the measData 
vectoiT; and all olhtM^ tit at arc farther rkTwnslream. Fitially^ 
there are a number of HuiJ])ort veclot>5, Some of (hese cont^iln 
vector t'on.sliniLs that will no( change duriiig a nu^cLsiirenient. 
Other support vectors are used for leniporaiy storage (not 
shown in Fig. 2), 

The timeDaia vector is the output of the time-domain correc- 
tion filter block in Fig. 1 and is the ir^'ut to the niecisurement- 
specific signal processing bh.>ck. A! the other end of the 
measmemer^t loop, the mathMeasOata \t^e((jrs are the output 
ot the measurement tiataand user- inatii block. 

The amount of memory for all required vectors varies fr< ini 
measurement to measurement. Not only does it va.ry be- 
tween measurement modes, it may c*hange with the setup of 
a given measurement. For example, rhanging Ihe number of 
freiiuemy points, Ihe resolution ljaii<lwittdt, or the average 
state CtUi luive eotisiderable irtipact on the number or size of 
the vectors required- To make the best use of tlie available 
system RAM without implementing a sophisticated memoiy 
nianagenient scheme, all of the vectors ai'e reallocatetl when 
a t\ew measurement mode is selected, Tlieir sizes are deter- 
niinetl by user configuration of key |>arameter limits such as 
niavimum frequency points. They are made large eaougli to 
support all iHTinutationsof the seierled nieasuiTment mode 
witlmi the limits set by Ihe user As mentioned earliei; some 
of the signal processing is shared by all measurements. 
TlierefoiT. much of the vector allocation scheme is leveraged 
across all nieasurement modes. 

The DSP9t)(H)2 signal processor (hereafter referred to as the 
DSP) has a limit ed amount (jf high-speed RAM a\iulat>le. 
Operations oi\ data blot*kK that reside in this UASl me up to 
seven times faster than If the data block is resident in die 
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^steni RAM, To take ad vantage* ot Urn improved j-jerior- 
mance tlie most critical vectors are placed in the DSP RAM. 
Unlike tlieir system RAM amnlet^^nrts, fliese viK-Xot'^ wrv 
reaihwateti to he exartly tlu^ refiuireii size ivheiievera pa- 
raiiHler change is made rhal iiTrec't-s t.ht^ veetor makt*up of 
the metisurement. Realhjt;iiT.ing;mil relocating veclurs hi 
resi^onse to parameter chaj)ges such as user selection of a 
new riiejLSiiromenl result makes any I)ST*-residenl vectors 
viilm^i al)le lo i)ein^ lost. This is acceptable for vcctt>i's from 
maihMessOata downstrc^juii Ijcf ause fhey can be recomputed 
fruju the lueasiirement/s taw data. However, the loSvS of raw 
data would be a serious ijroJjIeTn. To ciixnjnrvenl fhis prob- 
leni Ihe tUKLSure meat system iuijjieineiils a si hcint^ lf> ptT- 
serw raw data across paiaiiieiiT < hanges, Thu sriteme in- 
volves copying D8P-resident vectoi^ to their system liAM 
cotinterpaits before mem<jry reallocation anci then cf.jjjying 
them back (if Ihey (*onlimie fo reside in the DSP memoTy) 
following reallocation. Much engineering effort wjts spent hi 



ensuring thai the measurements make the best use of Ihe 
fast DSP memory. This is a m^jor contributor to the HP 
S94xxi\s high 78-kHz real-titne rate. 

Process Structure 

T(» achieve Ihe lii^hest possible perhjnuatice, the mcastjre- 
ntent looi) is spht between the DSP and the main C'PII. While 
n 1 m \y e m 1 jc d d ih i sy s I e ms have mal I \ processors th at f i [ >era I e 
as slaves nf Ihe central processor, in the HP 8y4xx^\ die 
measurement loop ntns primarily in the DSP. The DSP uses 
t he nuiiTi CVV as a slave lo: 

1 Vrfunn tertain htnise keeping functions via remote proce- 
dure calls sm h as nm-time trace vector header infonnation 
I racking 

[^tfonn integer math on pixelated trace results 
Intejfare^ witfi tfie graphics system processor (CtSP), whith 
is the display processor 

(continued nn pap 71 1 
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Run-Tlme-Configurabie Hardware Drivers 



One of the dlff icylt challenges facing any firmware leam during a severaJ-year 
project is tufmoil in the software because of evolution of the tiafdware sp&ciffCB- 
tion upon which the software must mn This hardware evofytion is a natural pro- 
cess gi^en the complexity of our systerns and the demanding environmental and 
RFI testing they must pass. All too often tfie simplest of fiarrJware changes can 
wreak havoc on the software interface to the hardware. 

The hjgh cost of protoTypes and the evolutaonary nature of compjex hardware 
systems also can lead to the requirement tfiat software he flexible enough to work 
with a mix of various Jiardware versions. Some of the factors contributing to soft- 
ware tum>oil m hardware dnvefs are 

• Increased market understanding causing new e)(pectations 

• Technology changes 

• Defective or marginal parts caosmg redesign 

• Design flaws 

• tnterface requirements to other hardware in flux 

• Software not available for complete turn -on 

• Standards 

• Printed circuit board layout constraints 
■ Manufacturing processes. 

Early in the development of the HP 894xxA analyzers we realized that this would 

be a considerabEe problem since we were developing a new hardware platform. 
Given that the software would be required to deal with multiple revisions of each 
hardware board as weH as various combinations of boards (Fig J ], the following 
design criteria developed: 

• Must be easy to accommodate multiple revisions. 

• ]\^ust he eajjy to share code common to all revisions. This prevents having H 
versions of common algorithms. 

• Must be easy to remove obsolete versions. If code for all versions is intermixed, 
pulling out obsolefe code may be diffjcult and prone to mtroducmg new problems, 

• Must offer a clear, consistent interface from an e^rtemal perspective. Clients of a 
hardware driver Should not need to know or tare which revision of the hardware i& 
present. 

C++ Hardware Drivers 

Our solution was to develop a class hierarchy based on C++ classes. Qy providing 
a base class for a particular set of hardware and generatmg derrved classes for 
particular hardware revisions, it became an easy task to support multiple hanjware 
revisions. 

A C++ base class is used to define the external interface of the hardware and to 

define what capabilities are required by derived classes of the base hardware 
class. The base class will often serve only as a definition and may have no useful 
code, In other cases the base class may have considerable code encompassing 
shared algorithms and advanced interface functions. 

An example of a class structure Is shown in Fig. 2. Tbe base class AdcHw provides 
the external interface for the ADC hardware and the default implementation of much 
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Fig. Z. Ij(ample ol a class structure 

of the interface. The derived classes AdcHwR2, AdcHwRa, and AdcHwR4 provide 
overrides for unique aspects o( revisions iwo, three, and four of the hardware, A 
portion of the AdcHw class is shown below: 

class Ad cHw 

[ 

prmccted 

int adclndBK; 

HwChannel chanrtet; 

im revision = 0; 
public: 

AdcHwivnidL 

virtual void getAdcGal char '* dataPir, int * she); 

virtual void setRFAdcGajchar **dataPtr, [nt * size}, 

virtual void getBBAdcGafchar** daiaPtc int* size); 
virtua I void d n h e rC a IS ettin g ( i nt va I u e f; 
virtual vQid relurnConlrolBitsivoid ** bitsPtr, int ' count!; 
virtual void S€tAdclndt3x(inl indexl, 
virtual void setContfolWordlunsigned int control); 
virtual void setPreLoadlunsjgned char newVaJual; 
virtual void setMuxControUvtjidJ; 
virtual void clearMuxControifvoid); 
virtual irtt adcRevivoid}; 
); 

e)ttern AdcHw ' adcHwChi; 
extern AdcHw * adcHwChZ; 

Member tuncticns declared virtual can be optionally overridden by a derived class 
written for a different revision. The two variables adcHwChl and sdcHwChZ repre- 
sent the external interface handfe through which all other software imerfaces 
with the ADC hardware. 

Revision 4 of the ADC hardware recjuired a new gate array program as well as a 
change in how contra] bits are configured The implementation of a driver for 
this revision consisted of implerrienttng several member fonctions to handle the 
increinental differences" 

cta^s AdcHvvR4 : public AdcHw 

I 

public: 

AdcHwR40;// class constructor 

virtual void returnControtBitsfvoid ** bitsPtr, int *caunt|; 

vjrtual void serControtWordj unsigned int controllj 

Virtual void getAdcGalchar ** dataPtr, int*siie|; 

}; 

The two functions retumCnntrolBits^l and seiControlWordO deal with the fact that 
the control htt interface changed and the function getAdcGad deals with providing 
a unique gate array program The software is now able to use version 4 ADC 
hardv^re without changing any other source code in the instrument When a 
reference is made to 3dcHwCh!->setControlWord{}. C++ will automatically arrange 
to invoke the version defined in the adcHwR* class. 

How do we determine which version of the class to use'? Since multiple hardware 
drivers exist in the software, some mechanism needs to detennme which driver to 
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-e instmmeni powers up \n itie HP @94xxA, this determiriatiDn is dtjne 
; ID negfstef on the hardware board of interest This 10 registens 
mesi okm a hafd-wfrsd regtstef Ihat he& three bris erf versiorr information When 
a new board is mm^ with a difftr^nt hardware miarface or capabilily. diis vm^ion 
numb^ is changed The code to do this might be as simpfe as: 

switch fadcfievisiiMil 

i 

defsutt 

case 0; 

EESe 1. 

adcttwChl = n&w AdcHw; 
tdcBwCh2 = new AdcHw; 

adcHwCfil = new Ad£:HwH2i 

3dcHwC1i2 = new AdcHwR2; 

break; 
case 3: 

atfcHwChl^new AdcHwR3; 

ldcHwCh2 = new AtlcKwRS; 

break; 
case 4: 

adcHwCh! = new AdcHwR4; 



a£ftHwCh2 = new AdcHwFH; 
br^ak; 



} 



Summary 

E , ^ i' b ijng our harttwars drivefs as C++ dasses. we were abfe to maintain a 
cons EStefi I software rnterface to the hardware while providing support for multiple 
v^ions of tl>e hardware Commofr code shared amon^ all drivers is encapsulatad 
in a base class, which itself knows nothmg of tt>e particutar version in use. but 
tnstead relies on virtual functions to allow revision -specific drivers to override 
funcTionaiirv seamlesslv T"he: code is much cleaner because the software writsr 
does not need lo sprinUe conditsonal siaiements in the souiie code to accomrm- 
dale various versions In addition, it becomes an easv matter to remove obsolete 
versions of the hardware driver. Finally, the Cf+ compiler lakes care of the mun- 
dane task of making sure the right hinchon overite am invoked for the insjajled 
version 



Glenn fl. Engel 

Development Engineer 

Lake Stevens Instrument Division 



For tJi€ measurement loop to ntn in the DSP with no run- 
time tntervention or control from some higlter atrl horily in 
the i^iain CPU, fhat loop has to be eompletely dellned before 
being executed- Several options w^ere open to tbe design 
team to address this problem. The approach chosen was to 
provide a inii^imiim set of rJSP-resiilenl measurement loops, 
heieafter refened to as a measSequencer, w hich can be cus- 
tomized by tudi^ldual measurements before run time. The 
customization is done through a compile process which will 
be described in a subsequent section. The default meas- 
Sequencers provide every measurenicnt with all of the control 
required to interact in a uniform way with all other entities 
in the instrumenl finitwiire architecture. 

Witli this approach, a single designer was able to implement 
the measSaquencers for all measurement modes. In addition to 
promoting a uniform interface for measurement loops of all 
measurement modes, this approach allowerl other designers 
freed out tfj concentrate r>n the specillc ctisl ionizations re- 
qnireil by their paiticular measnrement mode. U is true that 
this is one trade-off that sacnficetl nm-time performance for 
ease of flevelopmenf . However the overhead to supporl a 
generit^ measSaquencer state machine is only about 300 ^s, 
which is less than 1.5% of the loop time required for 78-kriz 
real' time operation at 1601 frequency points. 

Fig. 3 shows the HP 894xxA measurement finnware archi- 
tectnre. Tlie solid bubbles represent software modules. A 
module depicted with concentric rings is a process. Bubbles 
that are stacked indicate that muiUple versions of that mod- 
ule exist to support the multiple tneasuremenl modes. Data 
stores are represented as pairs of parallel lines enclosing the 
stores' names. 

Measurement Feattire Leverage 

There several ways to leverage standard features across 
measurement modes. Code can be (*o|jied as a means of re- 
use. Tbe volatility of measurement finnware modules makes 
code developed in this manner very difficult to maintain. 
Bispatcb tables, customized by the activation of a measure- 
ment mode, allow a foundational architecture to provide 



default functionality and yet flex to meet the custom needs 
of individual measurenients. DLspatch tables, however, must 
be kept t^iuTent mmmally. Tlie HP 894xxA measLuement 
firm%vare architecture uses C++ classes and inheritance to 
allow individual measurement modes to build on a fouiula- 
tional measnrement. Several of the modules in Fig. *3 are 
miplemented as C-^-t- classes, A partial class hierarchy is: 

MeasSeqCtlr 
HP83410Me3sSeqCtlr 
VectorMeasSeqCtfr 
ScalarMeasSeqCdr 
Analog Demod MeasSeqCtlr 
OigitalDemodMeasSeqCtIr 
MeasSeqGen 
HPe9410IVleasSeqGen 
BlockMeasSeqGen 
VectorMeasSeqGen 
ScalarMeasSeqGen 
AnalogDemodMeasSeqGer^ 
DigitalDemodMeasSeqGen 

In the case of the MeasSeqCtlr class, a complete set of default 
actions is provldetl Most of these actions are usable by all 
measurements. VVliere llie defauit action is not what is re- 
quired, the XXMeasSeqCtfr class (one of the classes derived 
from the MeasSeqCtlr ciass^— ""XX" stands for I he rumie of the 
measnremeru mode) can overwrite the virtnal function, 
replacing that default action with one of its own. 

In the MeasSeqGen class, control of a complete compile se- 
quence has been implemented. However, all of the measure- 
ment mode-specific customizations are the responsibility nf 
a derived class. 

Both die HP894lDMeasSeqCtlrand HPS9410MeasSeqGen classes 
t>ro\1dc ciisuimizations required by the HP 804xxA measure- 
ment system, Neither they, the MeasSeqCtlr class, nor the 
MeasSeqGen class i>ro%ide snOlcient functionality to imple- 
nient a fully iiiact ional measvirement. As such, tliey ate ab- 
stract classes. That is, tlu'ie are no instances c»f these 
classes in the system; there are ojily instances of tlieir 
derived classes. 
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Custom 12 at i o i\h 

The meas Sequencer is the sole pr excess iximiirig in I lie DSP. It 
provitles the defaiil! ntejisurenient loop control while the 
custom MeasStates modiile executes ciistorriizations unique to 
the euirent ac*tive nieasiirement. The exact set of customiza- 
titjns in St alkali m dot em lined by the current measurement 
modi's ititenm'tation of the currentMeasDefrnttmn data store 
{C_M_D in l*lg. ;i). CurrentMeasDeffnition represents thai portion 
of Uie instrument state (iState data store) that eompletely 
defines the measmenient state. The seq Generator * controls the 
compile operation, which produces the comjjosite rnettsm'e- 
mcnt loop {i*e., measSequencef and ciisiomMBasStatfis), The 
XXMeasSeqGen modules (''XX" stands for the name of the 
me<isiirenieni mode) interi)rel curremMeasDefinition according 
to the reiiuiremeiUs ofllie current measurement modt\ 
producing the measSequencer ciislomizations executed by 
custamMeasStates. 

At the end of the measurement loop the measSequeRcer has, 
for each trace, produced pixelafed data and tracked critical 
nm-lime uifomiatioii into botli measState ai^d traceSlate. At 



this point, before beginning to process the next scan, the 
measSequencer .signals the sea riDcne Handler process by a remote 
procedure call. The scanDoreHandler then completes tracking 
header infommtion from measState and traceState into the 
t race vei t ors* headers. Wlien the vector header's are coirect 
I he scanDoneHandlEF ctjmputes iiny required marker x^alues 
and furtlier scales and foiTuafs the pixelated data. Finally, 
the <lata is trrnisferred lo (he GSP for display. As the scan- 
DoneHandler operates on its scan, the measSequencer is already 
processing the next scan. Since the rneasSequencer and tlie 
scanOoneHsndler both acc-ess the trace vectoi^, a semai:»hore, 
VECTOR_RES0URCEt has been established to control access to 
these vectors. 

In addition to the motlules that generate a customized mea- 
stirement loop and tliose that execute that loop, there are 
those that estalilish tJie overall interface to the measure- 
ment. The MeesSeqCtIr class iiro\*ides tlefault responses to 
nieasuremeut requests. It n^ay hi^ndie a request itself or it 
may pass it along to the measSaquencer. ExaJni^les of requests 
that it handles itself are those that cause the generation and 
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downloadmg of a new coinposile nieasurenietil loop. Sum. 
pause, aiid contirutf' are examples of requests t.luil it, tiirects 
to the measSequencer. 

The XXMeasSeqCtIr modiikM''XX" stands for the name of the 
measureinenl n^jde) iiro%ides ineELsuremenl-spccific control 
wtien the defauli actions of the MeasSeqCtIr class are not siif- 
firient Likewise, live XXMeasfStateOverrides module pro\idt?s 
int'asureuu^ni -specific filtering of user Inpul when the defaidt 
command iiUerpretatioii is not sufficient 

Each spcc'itu' mc^asuremenl is defined [yy the tiefaidt system 
operation plus tiie modifications made by ttie measurement- 
specific modiiJes. To implement a new measurement mode, 
a nu]^asuremenl designer generates I he three modules 
XXMeasSeqCttr, XXMeasSeqGen. and XXMeaslStateOverrides. 

Measurement Control 

F'ach of the HP 894xxA measurement modes is implemented 
by single instances ofXXIVIeasSeqCttr and XXMeasSeqGen ob- 
jects* Alttiough there are four measurement modes, only a 
single mode is active at any time. This is referred to as tlie 
activelVleas. 

The activeMeas must respond to many difftTciU lypes of re- 
quests. The most obvious aie those that arc the results of 
user actif>ns. A change in the selected measurement resiiU.s 
or coordinates must be handled innuctiialely without af feel- 
ing the raw data A pause nuist he cof^rdlnated witli the 
measSequencer to ensure a consistent set of Vidid trace \ectf>rs 
when the pause goes into eftV( i. There are lilerally hundn^ris 
of soft keys that have iui efftn-l on a running meiLsurement, 
While this is the souice of the majority of measurement re- 
quests by far, there are internally generated requests as well 
For exiunple, the calihralion majutger ret[uesis [jiTmission 
of the acti^elVleas jjefore jm rlbrming the calllnatioiL The 
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aciivelVIeas grants pennission based on the its state and the 
state of the measSequencer. 

The IVI&asSeqCtlr class must provide default actions to each 
request made of the activeMeas. To nu^et Ihe goal otprn\'iding 
control of basic features whicii ixre easily inherited by indi- 
viciual measurements^ tliese default aclions must be useful 
for the m^joiity of tlie XXMeasSeqCtEr derived classes. 

At tlu^ core of the IVIeasSeqCtfr class are several state ma- 
chines, which implement sets of basic actions. These stiite 
mat4iines are not itulependent. Ofien their Iransit ions rely 
on Clin ent states or slate transitions of oUier nuicMnes. 
Three of live more central state machines are: 

• EventHandler 

• IVleasChangeHanctler 

• SeqChangeHardler. 

Tlie activeMeas is nonnally a blocked jirocess- It wakes up 
when t)ne or more pSOS operatitig system events tu'e re- 
ceivecf Each event hidicates tiiat a different type of request 
has been made or that the measSequencer is hifonuing the 
activeMeas of some important action. The EventHandler state 
machine (F'ig. A) a<ltlresses each everU in a specified orden It 
makes sure I hat all retpiests represented by an evcmt have 
been fully handled beftire adtlressing the next event. The 
EventHandler itseir rarely fi illy handles a request. Instead, it 
generally asks one nr liujre of 1 he activeMeas's (lUier state 
machines to htuitiie it. A single event may represent many 
requests. This often hai)pens when many iState ch;mges are 
grouped together l)y tht^ command Exec j>rocess. hi an effort to 
inqnove usei comniiiiul response time, Ihe EventHandler and 
the odier activeMeas stale macliines iiie designed to handle 
multiple requestji at the sanu^ thne. Most requests require 
interaction with f>tlier jirocesses Ijefore Iheir liandling is 
complete. If ncHhing etsc, the mBasSequencer generally juust 
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be suspended as part of the request handling. In this case 
the EventHandler will block in a state other than WartForEvent. 

All f>f the activeMeas's other state machmes run uudt^r the 
control of the EveniHandler. Tlie nonnal steps m hiii^ thing an 
event are: (1) For the first request copy critical infonnation 
from iStaie to currentMeasDefinition. (2) Request appropriate 
actions of other state machines. (3) Allow all state mafliines 
io nin iir^iil they reach a quiesceiif siale (lt\, lui fuii tier state 
Iransitions). This is done in mnSubf\/!achines[). (4) If the re- 
quest has not been eomjiletely h^iiidled it ten 1)1 nek. This is 
done in kaepAJiveTillCompleteO. (5) Wien the request has been 
completeiy handled go to the next request. (6) Wtien all re- 
quests for tins event ha^-^e been completely handled go to the 
next event. (7) When all events have been tTjmpletely 
liandled wait for more events in the WaitFarEveni state. 

Once started, the EventHardfer will mn as long as any other 
state machine is making state transitions. Once tio machines 
can make any further advancement the EvantHandler blocks, 
knowing that it will take an outside inlloence m the form of 
an event to allow any of the machines to advance fiirtben 

The MeasChangeHandJer state machine (Fig» 5) is responsible 
for stopping tlie measSequencer, waiting imlil the current re- 
quest has been banciled and tlien restarting it. There are two 
options for this service: the measSequencer ran be either sus- 
pended and resumed or aborted ;md restarted. The differ- 
ence is that a suspension Is coordinated with measSequencer 



signal processing so that no data is lost, nor does raw mea- 
surement data become inconsistent with data In the I race 
ve<lors, while an alioH happens immetliately without regard 
lor tlie validity of the vector data. 

Finally, the SeqChangeHandler state machine (Fig. 6) is charged 
with the regeneration of a fully ftmctional composite mea- 
surement loop. This may include requesting selection of a 
new measSequencer ;uid a recompile of the customMeasStates by 
the XXMeasSeqGen. 1 1 must also compute many processing 
parameters snch as the FFT window, the correction vectors, 
mid the acquisition time record length. If any front-end hard- 
ware changes aie required, then the SeqChangeHandler. in its 
DaSynchronizedChanges state, will coordinate with smother 
state machine to make sure that the hardware setup is 
accomphshed. 

The SeqChangeHandler plays a critical role in measurement 
mode changes. In the StopSequenceCtIr state the active Meas 
performs housekeeping required to deactivate itself. It then 
ad vatic es to Stop Idle where control returns to the measure- 
ment manager, wliere a new measurement object is selected 
as the activeMeas. (Tlie measurement manager is merely a 
repositor>' for measurement objects and is nf)t shown in Fig. 
3). The new acBveMeas then wakes up in the OverlayXXMeas- 
SeqCtlr state where it inilializes itself to operate as a fully 
functional, fully active measurement. It is iiere that available 
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system RAM is rt^ allocated acf^oicUng to the X^ector needs of 
this new activeMeas, 

Each of the four indi\idiial mt^asurcnTonl (jbj(K*t-s (niodL^s) Lti 
the HP 894xxA niea^surenient system Jias its own set of state 
Ii\ac"hiiie5. On a nicasiirt^ment mode crliange (^^aeh state nia- 
chine otlhe incoming inejtsiiremeiil object must maintain 
continuity of its active state with its coiinterpim in the oui- 
going measurement object. With C++ it is e^isy for t^ach 
iiK^jisiirement object to contain customized state machines 
aivti yet have equivalent machines in separate measurement 
objects shjue slate variables. Consider this partial imple- 
mentation of two state n\achine classes: 

class SlaieMachine 

private: 
i nt c rntSta te ; // c u rre nt state 

pratected: 
ini*crntStatePlr; 

vo i d c Lf f re ritSta tel ( n t n e wC u rre ntl 
{ *crntSlatePtr - newCurrent,} 
virtual void executeStateO; 

// add default StateMa chine functionality Here 

public: 
// constructor 

State Machine!); f crntStatePtr = ScrntState;} 

intcurrentStateO {returnf*crntStatePtr};} 



// possible states for instances pf CustomState Ma chine 

typed et enum 

{ 

CUSTOM_STATE_0. 

CUST0M_STATE_2, 

CUST0M_STATE_3, 
} Custom States; 

class CustDmStateMachine : public StateMachine 
{ 

protected: 
// State variable - common to ALL instances ot 

// CustomStateMachJne 
static int currentStatej 

public: 
// constructor 
CustomStateMa chine! crntStatePtr - SicijrrentState_; 

cufrentStateiCUSTOM_STATE_0); } 

// add default CustomStsteMachine functranality here 
virtual void customStsteOf); 
virtual void customStatelj); 
virtual void customStateZO; 
k 

By accessing ttie current state tJirough a p^^inter m tlie 
currentSt3te(} member function ^ CustomStateMachme can declare 
its owTi static cun-ent state variable ajid force its instances 
to use it by inititUizing the cmtStatePtr in &currentSlate_ in its 
constnictor Since static mentber variat>les nrv slijued l.>y all 
instances of a class, classes derived frorn CustomSlsteMa chine 
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always niainLain Byitchronization of the current state iii all of 
thc'ir insiaiices. Tlipy niay, liowp\ er, overw^itp the \dit\ial 
staU* member ftuicliotis and tli us provide state madiines 
lustomized to the needs of their nieasuremeitt object. owTier. 

XXMeasSeqCtir 

In describing the MeasSeqCifr class ;md some of thc^ state ma- 
ctiines that it ov^^ls, actions s|jecitir to a measurement motle 
were mentioned. Computation of acquisition tinte record 
lt4i^h is a good cxamj jle. \Mule the MeasSeqCtIr chu^in pnnides 
a place for this tf) hajj[:)eii, il rt^legales the actual woik Id a 
derived class. Wtiilc most actions of the MeasSeqCtIr cUiss eiui 
tie ovei^ritten^ ver>" few are. Most of die tlefault actiOEis are 
well-suited for aJi of ttie HP894xxA measureitient modes. 
Mo*it of the cost ojnii^aii Oil is limited to two areas; delermin- 
ing which iState ( liaiiges lUTect die niea^^iureinenl and how 
they affect it, and computmg acquisili cm-specific parameters 
ajid constant vectors, 

XXMeastStateOverrides 

When tlu^ command Exec receives a change requesi it first vali- 
flates tiie request < Tlien it puts the validated clunige in iState 
m\d informs the activeMess of the (hangc Ihrough a pSOS 
operating system event. The proeess of parameter validation 
must often be customis^ed ff)r a pfulicular measurement. For 
example, the vector and scalar measureineTYf modes impose 
different limits on the aliowable resolution batidwichh. Cus- 
tom pmaineter validation is dorie l>y tlie XXMeaslStaleOverrides 
module. Wliile conceptually separate, die XX M east St ate Over rides 
module is actually implemented as part of the XX MeasSeqCtIr 
module. 

Measurement Loop Customization 

As mentioned eajiier, there at^e two aspects to customizing 
the run-time measurement loop: measSequencer selection 
and generation of customMeasStates. MeasSeqjencer selection 
is simple, since there are only two measSequencers, one for 
averaged ^uid one for non averaged measiu'ements. (jenera- 
tiun of cusiomMeasStates is the m^yority of what the measSeq- 
Gen process does. Each measurement object h^is its own 
XXMeasSeqGen object. The XXMeasSeqGen instiUKC associated 
with tlie activeMeas is known as tlie activeMeasSeqGen, The 
activeMeasSeqGen compile is broken down into five segments: 

• Raw measurement [inrludes acquisition up to time gating) 
•Hme gate (includes FPT, fretineiicy correct ioji, ;ind spec t rat 

average) 

• Measniement data and user math calculation 

• Coordhiate transform and unit^ conversion 

• Scale, offset, and pixelation. 

It is easy to see the correlation betw^ecn compile segments 
and i±ie flow of signal processing by coinj)arinj^ tliis list witli 
Figl. 

To minimize the user interface res[>onse time the compile 
process may be enteretj at atiy of the segments. However, 
once tlie compile process is started, all dovnistream seg- 
ments must be recompiled, (ienerally, user ch^mge requests 
result in recompiling the mininnini possible number of seg- 
ments. For this to work the actfveMeasSeqGer nnist obseive 
two rules. First, tlie source opeicind vecton> fcjr aiiy given 
segment must be completely defmed by the pre\ious seg- 
ment and cannot be mndifif^d l>y this segment's comptie. 



Complete definition includes length and data memory ad- 
dress as well as header infonnatiort Ttus is critica] smce the 
compder relies heavily on the dellHif itni of source vector 
oijerands to protiuce a conect executable and to track and 
transfoHTi header information tlirough math oi>eratifms. For 
the very first segment, raw [ncasurcmcnt. the aciiveMeas is 
responsible for initializing the timeData vet loj' headers before 
starting tJie compile. 

The second rule that must lie observed is dial a vector^s data 
space must be allocated by the first segment that uses it. 
This is critical for vectors that reside in DSP RAJVI since 
their addresses are unkno\aii until they aie allocated at com- 
pile time. For system- RAM -resident vectoi"s this operation 
tloes nothing since they are allocated when the measure- 
ment mode LS switched to the current activeMeas. 

All of the HP iS94xxA XXMeasSeqGen objects inhent code gen- 
eration for the user math step through the t)ixelation step. 
(Note dial, while the user mat li and rneasuremeni data com- 
putations are in the same segment, they aie implemer^ted 
separately mid can be overwritteji and ciist.omi>!:ed sei^a- 
rately. ) The tneasurenient data code generation is inherited 
by all XXMeasSeqGens hut the DigitafDemodMeasSeqGen class 
completely redefines it to support its nnitiue set of measure- 
ment <laia resull tyiies. As might be exjjected, the raw mea- 
surenient segment is oven\ litten and implemented ddTer- 
ently for each of die nieasuremenLs. Tlie time gate segment 
is shaietl by the vector and analog dcmodularion measure- 
ments while it is overwritten and thsabled for the scalar and 
digital demodulation measurements. 

The end result of a coini>ile is a set of kCode subiiiiSfti^ 
each tjf whiel; is composeti of a grotip of kC'ode fi^am^^. Each 
rptune represents an oi)eratiDn tiiat c^an either perfonn block- 
oriented math on a vector or execute a remote procedure 
call Those that, perfonn vector math cause a DSP-residcnt 
interpreter to invoke higWy timed DSP-resident math rou- 
tines. A compile segment can produce one or more of lliese 
subroutines. At run time the measSequencer inv<(kes the 
k(*ode intcipreter to exeente a kCode subnmtine at specific 
pomts ui tlie jue^risurement loop. In llus way, customizations 
to the measurement loop signal processing are carried out, 

kCode Compiler 

The kCode compiler provides the XXMeasSeqGen designer 
access to iill vector-oriented matli operations as well as sev- 
eral other services that proved critical to efficieni; firmware 
development: 

I Flexible kCode generation for vector math operatioiis 

I Complex/real \ ector type coercion (see below) 

' DSP vector memory mmuigement 

' Vector header infonua lion tracking 

> Vector units tracking. 

Only a fixed set of DSP-resident math routines are [jrovided. 
Add, subtract, nndtiply, divide. coi\jugate. nuigJiitude, |)hasei 
real, imaginar>^ square root, FFT. IFPT, nat urcil logaj ithm, 
and exT>onential are provided, along with several routines 
tmied for specific measurement sigriai processing needs. 
For any given math operation the compiler generates one or 
more kCode frames. The kC'ode generated depends not only 
on the matli operation but also on tlie operands. For exam- 
ple, computi:ng the phase of a real vector requires fillirtg the 
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destination vector with zeros whiJe the phase of a complex 
vector is computed with an arc tangent operation. 

Often the XXMeasSeqGen developer neetls to take more controi 
over the math ojjeration. |>erfonning it only on selected ele- 
ments of a vector T!ie compiler facilitates this ^ith s<*veral 
levels of interface, each providing the yser with a dilTerent 
lev=^el of control The interface for the add operaticm is: 



void v_adcl (Vector 


*sfcVl, 


Vector 


•SFCVZ, 


Vector 


'resV. 


long 


•GountJ 


void _v_Bddl Vector 


*srcVl, 


Offset 


*sfcOffset1, 


Vecto 


•srcV2, 


Offset 


*SfcOffset2, 


Vector 


*resV. 


Offset 


*resOffsec 


long 


*coLnt) 


volt! v_adrifVector 


*srcVl 


long 


*src1lncP, 


Offset 


*srcl Offset. 


Vector 


^srcV2, 


long 


*src2lncP, 


Offset 


*src20ffset. 


Vector 


■^reW, 


long 


*res[ncR 


Offset 


VesOffset, 


long 


"" count) 



V_3dd(} ijerforms atldition over the count elemejtts of tlie vec- 
tor. The user has no control other than count. _v_add{) allows 
the user lo begin the (jperalion at an offset (potentially fUf- 
fereni for eacfi ope rand J. _v_sdd() allows the user to control 
the increment as well as the offset. 

Tlie (^ompiler must f jften "t^oerce" tlie operands between 
real and complex nimibers. The stjUiUT rod is a good exam- 
ple. Tlie square root of a complex vector reiiuires conversion 
to polar format, taking the square root oflhe nmgjiitude^ 
division of die phase by 2, m^d imtdly conversion back to 
rect^mgular coordinates. Since a real vector may cont^dn 
nei^ative values it mnst be coerced to a complex vector 
Iseforc^ undergoing a ccjmplex stjuate rt>ot. The jcsull, of 
course^ is complex. 

Tlie compiler is restJunsible for allocating DSP-resident 
vectors. Since vector i^lacement has a significant impact tm 
nieasLiretnent loop perfonnance, the compEer must attc!mj)t 
to place Lis numy ve<1rjrs as possible in the liigli-speerl DSP 
RAM. More iin|)oiiant is that the nirjst fieavily userl vectors 
are DSF-resident . The b<*sl job could be done by a twr>-i)ass 
compiler, but tliis would degrade Liser response Ume too 
much as well as add complexity to the design. A first come, 
first se AT tl a[iproa<;Ii Wits ailoptetl with the enhmicenient of 
allowing die XXMeasSeqGen designer to forci^ little-used vec- 
tors into die slower system RAM. The compiler groups the 
allocated vectors by segment so that at the onset of a corn- 
pile, DSP mem<ay belojigirig to all segmf^nts to be reconit>iIetl 
can be ret^lain^ed. 

A veclor's lieaders contain informal ion that is (iepentlent on 
both the data and die nuilh openitinns frf^tn whit h il is de- 
rived. For example, chaimel -spec die inRjrmation of a des- 
tinadon operand of a multi|jly is a combinatifai t^fftht^ cfiannel 



infomiacion of both source operands. Another good example 
is die FPF, which ret^uires that the data domain (i^liich is 
part of tlie header information) be changecf For many of the 
trace vectors the XXMeasSeqGen designer can predict the cor- 
rect header contents since the designer has complete con- 
troi over ail signal progressing operations. Howe\*er. for user 
math this is not true. The IIP S£MxxA kCode compiler takes 
a much safer approach, transforming the headeis of destina- 
tion operands based on the source operands and the opera- 
tion. As part of each requested math operation the kCode 
compiler mcHiifies the header of the destination operand 
according to a set of header irEcking traiisfonnatlon roles, 

llie units of the vector data are critical to its interpretation, 
inckuiing imits con\'ersion and scahng for display: like other 
vector header information, units ^^e tracked by the compiler 

Measurement Loop Execution 

Tlie measSequencfir state machine is shown in Fig. 7. Tlie mea- 
smement loop itself begins in the WaitForOata state and entls 
in LoopDore. Many of riie states in this loop can be custom- 
ized through kCode subroutines. The measSequencer remains 
In WaWorOata until a complete scan has been acquired in the 
samjile RAM. By the time Custom2 is exited the i^aw^ measiu'e- 
ment tlata for this scan is available. The GetData, EnableDMA, 
mul Custom 1 states are designed to id low data for the lirst 
clmnnel it> be processed while data for the second chaimel 
Ls being tiaiisrened into timeOmaBuf (Fig. 2). Likewise, first - 
chaimel data for the next scitn can be transferred during 
Custom 2 and states that follow it. Tlie measSequenceris not 
allowed to operate on trace veelors urttil il Ifjcks die VECTOR_ 
RESOURCE semaphtjre in LnckResnurces, Tile Inliowing two 
states. Customs and PostPracessMeasRes, |jejfunn all signal pro- 
cessing from measurement data on (see Fig. 1 ). Finally, in 
the DIsplav state the measSequencer gives VECTOR RESOURCE to 
the scan Done prcjcess \ia a remote procedure call. As cle- 
scTibtHi earlien the scanDone process perfoniLs fmther pro- 
cessing to ready the trace data for display. Tti c^oini)lete the 
synchronization with the measSequencer, scanOane will not 
unlock VECTOR_RESOURCE until trace data has been displayed, 

Ont* of the rniiin differences between the averaged antl non- 
avi'iaged measSequencers is a direct traiisitif)n from Custom 2 to 
toopDone. allowing ti^ace- related processhig ttJ be bypasscnl in 
a fast average mi>de. Another is the transition from Loop Done 
tf^ Haded in end mi averaged measmement. 

The main loop supports both free-run and trigjt^ered opera- 
lifai. An dtemate padi luis been jntivided for single-sweep 
ot»cr^ation. By going lo AwaitmgArm from Loop Done the meas- 
Sequencer is iclled tmtil the user arms the sweep* 

Tlw^ RreOataCftnl state is iiro\ided to set up hardwai*e before 
stfUling data acquisition. (Generally the hardware has been 
set ut) t^roperly by the activaMeas, but the scalar measure- 
ment rnusl inodfl'y die i/i fretinency thnmglinut ihe sweep, 
Beftne starting acquisition the StartOaiaClinl state waits for 
Ihe hardware to settle. 

Assault Handling 

One of the most challi'nging aspects of ineasnremcnt design 
is lim idling changes to tlie nieasurement setup in a graceful 
manner. It is not sufficient to recompile juid restart a new 
nirasiircMn(>nt while destroying tiie existing nieasurement 
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Remote Debugging 

One of the diff fculties oflwi encountered wto dev&loping software tof emb^ed 
■ -5 is a limited abi% to debyg the software f feq^ffintty. ttiis is tjecause gJ 
.tiysicai mxi:^F*-ti fiif CPU % fT^EHtionsl S|^3foacheE such 3s logjc dialysis 
ar piotsssof ^ 'hout full ^ocessor emulaTion witi source-level debug- 

gers and stht . t{>Qls. the embedded system designer is often left with 

inefficient memoos sucn as msertioo of pnnt statemems, hafdware tracing of 
memoTY accesses, or simply gestaft to isolate and fix complfflt software defeeis 

IhB software development team for the ffFBS4xxA anafyiers used a technique 
calfed remote cfettuggmg to aid in the deveJopment and debugging of the soft- 
ware. Remote debugging is the use of advanced detjug-gers running m a hos! 

computer to debug software that is running in an embedded system (or other 
computer] rather than on the host computer. Fig. 1 shows the concept 

Using the G^iU C compiler jgccl on a host workstation, an object code fife is gen- 
erated, which IS then read by the GNU debugger (gdb). Using 3 communication hne 
to the target hardware under development, gdb provides the workstation user 
[febuggtnf capabt iities and m sight into the running system. 

The GMU debugger gdb provides capabilities such as stack backtraces, software 
breakpomts. printing C structures, disassembly, and other high -level features. It 
communicates with the target hardware by means of a simple ASCII protocol 
which IS interpreted by a small kernel in the instrument itself. 



Warksiation 



CAmmuiii cation 
Line 










Instrument 



h — K 



HP-IB 




_^^s^^ 



fiemote Debugging Protocol 

The remoiE debu§girtg protDcoI between gdij and ttie target mstrumem consists of 

nine basic commar?ds: 



Command 


Function Response 


g 


Return the value of the (Hi registers 


G 


Set the value of tbe CPU registers 


mAA..AA.LLLL 


Read LLLL bytes at address AA AA 


MAA.AA,U1L 


Write JUL bytes at address AA AA 


c 


Resume at current address 


cAA.J^A 


(]ijntinue at address AA AA 


E 


Step one machine instruction 


EAA..AA 


Step one mstruction from AA AA 


7 


Return the current execution status 



Each command is preceded by a header and has a checksum at the end to ensure 

data integrity Since the debugger has detailed knowledge uf the code running in 
the instrument \t can use the primitives above to acquire information for back' 
traces, printing variables, and change of execution controf, For example, instead of 
providing a command in the protocol for setting a breakpoint, the debugger simply 
reads the value m memorv where the breakpoir^t is to be placed and replaces the 
value with a trap instruction. When the bieakpuint is reached, the debugger uses 
the vurjte memory command to restore the original GPU instruction. 

The use of tftis remote debugging capability in ^db allowed us to develop our 

firmware without the use of emulators There are however, several classes of 
problems for which emulator or logic analysis still prove invaluable. For example, 
when a variable is being overwritten unexpectedly, hardware tools can be the 
quickest way of hunting down the problem. We've found that the use of a soume- 
levei debugger can significantly reduce the need for hardware solutions because 
the programmer is given a much better picture of the state of the system and how 
ft got there, 

In our envrronment we used RS-232 for the communication line. We wanted to be 
able to use thts hne for debugger communication as well as general input/output 
from prfntfll Statements in the software. Thts was solved by using 8-bit ASCIf on 
the RS-i?32 port and having all debugger traffic assert the most- significant data 
bit. RS'232 proved to be too slow for large data transfers such as the executable 
image so the HP-IB |IEEE 488, lEC 625) was used for high-speed data transfers. 

In summary, remote debugging gave us the following advantages: 
» SourceHevel debug The use of source-level debugging contributed to a significant 

productivity gam 
* Lower development cost The source- level debugger reduced our need for capltal- 

fntensfve hardware debugging aids 
^ AhJIrty to debug during environmental testmg. By simply plugging in an RS-232 

connector, temperature-sensitive calibration problems could be quickly understood, 
' Ability to debug an mstnjmeni without removmg covers or boards., Hardware 

prototypes used by marketing or far documentation development could be inter- 

changed with units used for software development with no changes. 

Glenn R, Engel 
Development Engineer 

L^ke Stevens Instnjment Division 



F)g, 1 Sityp for reniDie debugging of eFTtb&dfted sy^mr software. 



&din. In iiio^st rasps, acliangp must be reflerti^d in tlvt^ rur- 
rvul I ru^asiiretnetit re.sults. lit thf HP 89 IxxA this is paiticu- 
larly true since the nieasurenient loop incrhides trace-related 
procf'ssmg. These dianges to the measSeguencer mv temied 
assaiftis, aiid the measSequencer aiid tiie activefyleas ituisl bulJi 
work closely together to handie theni. 

Atl fLS.s;nill to the measSequencer l>ctJ[ins as a thattge reqiti^st to 
tile achveMeas. As pait of JL^ hm idling the acliveMeas will 



likely nit>dify measState and traceState settings ased by the 
measSequencer. it may tdso recompute coiiMtfUU vectors sach 
as those tised in windowing and correcting the data. A vnm- 
pile oflen accf>mt>atiies this chtingt^ with a reflennitioii nl'the 
kC'ode sabroutines Mrid rf^alloealiuti nl DSP vtHiois. The 
measSequencer cannot be ntaniai^ when data critieal to il,s 
proper optTatioa is beinj( chaaged. Tlierelbre, oite (ilthe 
first step.s of c.hajige handling is to siLS(>end the measSequencer. 
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This \b done by the acilveMeas s MeasChangeHandler state ma- 
chine (sp(* Fig. 5). The measSequencer mil liokiofilhis assault, 
until it hiis a cr>nsistent s^el of (Jala in tht' raw and trace vec- 
tors. Thii^ means that it will not check for assault^s from the 
time it leaves WaitForData until it enters LoopDone, The meas- 
Sequencer l^egins (o lumdle the assault by entering the sus- 
pendeti slate and saving any raw DSP measurement vectors 
to liieir system RAM * uumen^an.s. It then signals the acme- 
Meas (hal il is suspended. U will retnain in this state until the 
activeMeas reh^ases it after corn j>Ietely handling all changes 
to the measiireniein defnTitifUL If the change requires liiat 
existing data tjc inteqaeted iincier' the new measurement 
setup the activeMeas will request the measSequencer to recone 
pute the data. The recompiitation uses Ihe same kCode sub- 
routines as the Customs and PostProcessMeasRes states. The 
extent (jf the recomputation is determined by the level of the 
recompile. Like the compile, as little recomputation as nec- 
essaiy is done. The cneasSequencer then signals the active Meas 
that the iectmi|>iitatLon lias been coniplet(^d. At this point, 
the activeMeas tojces the nt^w data to be redisplayed and then 
rells the measSequencer to resume processing. Tlie meas- 
Sequencer then returns to the state from which it was sus- 
pended imd resumes operation. Finally, the measSequencer 
may. it direct eti isy the activeMeas. be forced to rest an acqui- 
sition (if hardware was ("hangecl, tY>r example) or restart (he 
entire measurement (fur averaged nieasurement only). 

Co tic 1 us lot) §i 

Measurement design is a complicated process dming which 
juar^y decisions trading off perfon nance for ease of deve lop- 
men! iruisl be made. Miuiy of the coniplit/ations faced by the 



fiesigner are compounded by the evolutionary nature of a 
measurement s feature definition. With careful desj^Ut a 
measurement urcliitecture can be put in place tiial jirovides 
a foundation upon which multiple measurements can be 
implemented. Using a conmion measSequencer. the kC'ode 
compiler allow?, <lesigners to t usiomize the measurement 
loop quickly and easily with mirVinuni] attention to common 
features and proiocoL Likewise, by using the object-oriented 
features of the C+4- compiler, designers can develop classes 
that support the mea.surentenf loop hy eoncent rating only on 
inrreniental changes to a foinulatif)iuil (Valore set. All hough 
pe rf< J rn lauce d c )es su f f e r .si igi 1 1 1 y , 1 1 1 i s a| 1 1 > n nn'\\ y ie I d s ri ch 
dividends in developmein time l>y allowing rnultijde mea- 
siu-emeiit designers to inherit a complete set of foundational 
features. 

Ac kii o wd cd gin ents 

The author wiyt^es to dumk the many people who rontjihuted 
to the tlevelo[nnenl of the Hl\S94xxA measurement system, 
IJirk Hntnegs developed the kCofle compiler and I lie n.ser 
madi sequence generator Glen Purdy provided tire DSP 
math routines. Doug Wagner and Bob Cutler developed 
many of the signal processing algorithms required for 
demodulation measurements and time and frequency cor- 
reel ions. Ken Blue designed the instrunu^nts scalar ruea- 
surement mode. Mike Hall and Jeny Weihel developed the 
haidw^aie drivers. Don nUler developed special Jiiarker mea- 
surements. Glenn Engel !ielp<^d with many design details 
inclufling menioiy nianagemtml and (■++ coding. Many 
thanks go to Jeny Daniels, Bill Spaulding, and Mike Akeji, 
who managed ttie firmware develoitmein, for their suppoit. 
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Baseband Vector Signal Analyzer 
Hardware Design 

The HP 8941 OA combines superior front-end linearity and high-speed data 
conversion with powerful digital signal processing to provide advanced 
measurement capabilities. Extensive calibration, flexible triggering, and 
arbitrary source types provide the accuracy and versatility needed to make 
the sophisticated measurements required for complex signal analysis at 
RF information bandwidths, 

by Manfred Bartz, Keitk A. Bayem, Joseph R. DIederichs, and David R Kelley 



The IIP 894 lOA vector signal analyzer provides sax array of 
new capabilities to meet the emerging measurenieni require- 
nients of complex signals Uiai require simultaneous arjciJysis 
in the time, frequency, aiid n^ockiiation domains. It makes 
measurements with resohition bandwidths as low as one 
milhhertK and frequency spates as wide as 10 MHz to acconi- 
modate tlie wide information band width a of complex and 
frequency-agile eonununications signals. Its user interface Ls 
familiar to users uf traditional swept speet rum analyzers, 
making it easy to tjse. With im optional second ehatmeh a 
versatile source witli ajljitriiry source tyi>es, flescible trigger- 
ing, a built-in disk dtive, and a vtiriety of software and hard- 
ware options, the HP 8fl4l{)A provides the upgrade pat lis 
necessary to accommo<late the mos! sophisticated user 
needs. 

The IIP 894 lOA measurement engine is hasefl upon powerful 
(hgital signd pnjeessing technologies 1 li;it pi (jvide its speeci 
lijid flexihilit>'. The key elements of thc^ haniware that support 
the HP 89410AS high perfonnant-e include: 

• An exceptionally line^if rronl end with high input impedance 
^apabilky^ input protection, aiitormiging, and anii-ahas 
protection. 

• A high-speed, 2B.(>MS^s (million samples per second), 
wtde-dynainlc-range analog- to-digital converter fADC) thai 
employs a prcjprietary Irnplemcnlation of large-scale fliiher- 
hijjf lo proviile supericjr linearity 

• A custom 25.(l-MSa/s digital locj:iI oscillator and decimating 
filler chipsel that provide up to 2-3 bits of effective resoluiion 

• Powerful llfja Mug-point signal t>j"ocessing using the Mottjrola 
DSP9f5l)U2, which tlehvers up to 48-MFL()P (million tioaling- 
poin! operations per second) peak perfonnance 

• Dedicated display processirtg using the Texas Instnnnents 
TMS34020 gra|)lut.s system processor, providing up to iM) 
display updates per second lo a color display 

• A versatile sign ill source tlial provides sme, cluri), nuidom 
Jtoists and arbitrary signal types 

• ^\dl calibration lo provide superior accuracy ajid signal 
fidelity 

• Flexible triggering witli botli pretrigger and postrtjigger 
delay and arm delay 

• A backplane with sloLs to accomniodale hardware upgrade 
options. 



The block diagmm, Fig. 1, depicts the data flow path of the 
IIP 894 lOA iiasehand vector signal artalyzer. (Note that the 
HP SfmOA and the HP Sy440A IF section ;ire identical. M 
fuither discussion will refer to the HP 894 IDA fuil applies 
equally to the HP 8944(IA IF section.) Tlie signal inpul a! the 
mialog front end is ampliHeil and ahas protected. Fr>llr>wjng 
the analog signal conditioning, the signal undergoes analog- 
to-digital conversion. Tlie tligit.al dat^i, which is sampled at 
25.il MSii/s, is routed to a digital switch assembly anrl on to a 
proprielaj'y th^itiil LO and digital decimating filter chipset. 
The digital LO and decimatuig filters jjerfonn frequency se- 
lective l>and translation. The translated flata is then stored 
in a sample RAM with a capacity of 32K samples per chan- 
nel, which cmi he t>ptionally increased to 512K. From the 
smuple RM\, the raptured data is bused to t he DSr'^)6002 
processor and suljjecled to corrections, windows, FI^T algo- 
rithms, and other math operations. The DSP also fonnats 
the tlata for viewing and writes tiie data lo the dist»lay sys- 
tem, hi the final step of the dala path, tlie display jiroeessor, 
the TM83I020 (iSP, constructs a trace from the fonnatied 
data and presents it to the user on ;m intemal 7.5-inch color 
CRT By using the high-sjjeed components in the data patli, 
the MP 894 10 A's signal processing hardw^are can process 
api)n>xiiuately ^100 512-poinl complex spectra jier second 
with display update rates reaching 60 per second. 

The data flow piith for tiie source follows a similar sequencx^ 
leading bom I he digital processing to the output of the ^ma- 
log s( jurce. hi contrast to the receiver path, the digital LO 
jiuid fillers (Jt^eratc^ in the reverse mode in the source path, 
perfonning the r^ecessary operations of dala inleqiolalion 
and frequeney t ratislation. Tlie interjiolated data is con- 
verted by the soun (^ digital-to-analog cr>nverter ( DAC) at 
25. ts MSa/s. A reconslruciion tilterand hirther conrhtioning 
f irruitiy pret>are the analog signal to he outtmt on the HI' 
89 llOAs trout pmiel. The digital switch assembly between 
the front-end ADC and the digital local oscillator (LO) and 
decimating filters dl(>w^s the digital source to he connecied 
lo the r'ecei\'er data path for (hagnostic |>uri>oses. Full ^ma- 
log calibration is arcomphshefl by t)Iacing ihe iut.enial call- 
braiion source (lalh between tiie analog sonrte anrl ihe two 
inpul chtmnels. 
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Fig- 1, Block diagram of the HP 894 K) A vector signal mialyzor. 

Analog Input 

Tiif* aiial**g in|)Ut provitles the interfare between the signal 
tf) be niei^siired aiK! itie inytnimenrs analog-lo-digital con- 
verter. Impedaixce matt ]iiti|^[. ranging, and anti-aliiis filtering 
must he aecf>rnpltMfuHl wit hoiH compromisiiig signal fidelity. 
The ii^put nuist be robust in the face of real- world sii^nals 



and inadiTftent abuse. One input channel is standaiYb ainl a 
second is optional, 

Tfie inptJt is sirvgle-inKled with tlie low side at chassis ground 
])(vU'ntial. 5nHihiii. 75-ahm, and 1-ntegohni I emThiations are 
I)rovideti The specified return loss Is 25 dB for the SOohm 



S2 
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tenniiiation and 20 dB for the 75-ohin. The l-inegohm input 
is specified at 2% accuracy and less than 80 pF of shunt 
capacitance. 

Input ranges are provided in 2-dB steps. For the 50-ohm 
termination, input ranges extend from ^30 flBni (10.0 m\ 
peak) to +24 dB ni (5.01V peak). Tlie 75-ohm ranges extend 
over the sanie set of volt^es as the 50-ohm ranges, but are 
nmnerically sriialfer by LT61 dB. The 1-megohm ranges also 
start at -30 dBni ( 10.0 mV peak), but extend to +28 dBm 
(7,94V peak), dBm here implying a 50~ohm system reference. 

A selectable anti-alias filter is pro\ided. Alias protection is 
specified at 80 dB aiid is t>i>ically better than 95 dB. 

Input Cable and EFI Suppression 

The input BNC connector shell is dc isolated at the front 
panel (see Hg, 2). This is done to reduce spurious inputs 
caiised by the iTLstnmienf's s^vitchiug power supply, display, 
aiKi power line circidtiy, presenting iridurefl cunents from 
flowing across the inpnt cable shield. Dc isolating the con- 
nector shell necessitates ac bypassing it to chassis ground 
at the front panel to reduce radio frequency interference 
(RFI) emissions, which otherwise use the cable shipkl and 
connector shell as an exit path. 

Ac bypassing is done with a small printed circuit board be- 
hind the front panel. Isolated areas around the connectors 
make contact w ilh the connector shells \ia the coiuiector 



mounting hardware. These isolated areas are then bridged 
by surface mount capacitors to the ground areas of the 
board in contact with the front subpaneL 

hi the protoiyiie, these isolated aiieas were bypassed to 
ground by a group of three surface mount capacitors, all on 
one side f>f tJie coimectttrs. This desi^ inadequately sup- 
pressed RFI in the 900-MHz range. These RFI emissions 
originated from the fast data buses in ihe iiistnmient, wiiich 
are strong soiuces of high-frequeucy energy. Neiw ork ana- 
lyzer S] ] measiu'ements showed tliat this stnicture was in- 
deed resonant ai around 900 .\IIIz and therefore was railing 
to suppress HFI there. The production revision connector 
byE)ass board has four surface mount capacitors placed 
evenly around and as close as possible to each connector. 
0.047iiF capacitors are used, although the particular %^alue 
doesn't seem to be very important. All emissions up to tiie 
lest limit frequency of I GHz are effectively eliminated from 
the input comiectoi-s. Network anal>^er measurements on 
the new^ design show Uiat the resonance has been pushed 
out to beyond 2 GHz. 

Each input cai>le is passed througli five high-permeability 
ferrite toroids at the front-panel end. These ser^^e multiple 
piui:>oses, uicluding fonuing a luw-pass structure with the 
connector capacitors to miniiuij^e RFl^ reducing spurious 
inputs, and minimizing the effects of measurement groimd 
loops. 
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Fig. 2. Iilut:k Uiagraiu of tiie mujJu^ iiiput I'runl vMil 
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Input Tennination 

TliF infjiit is fuHtlarnenlally a 1-megohjii stmc-ture. 75-<jlmi 
and 50-olini tt^nn illations are created by sliiinting the 
1-iiiegotnii input wiilv 75 otinis or 75 oiirn** in pciiallet witli 
t50 ohms to make? 50 ohms. However, by U.self. this desigii 
produces miacceplable retnni loss, espeetally for 75 ohms, 
because of \hi*- Trv-pF" ti^jif al sliunt eapaeitatice acr<jss t he 
1 -megohm input. Al if) MHz, 75 oh ins in parallel witli 75 i>F 
gives only about a 15-dB i"etum loss. 

This return loss problem is solved witli a small intJuetanee in 
series witli the tennination resistor, wlneli selves icj tune 
out some of tlie effect of tJie shimt capacitance within the 
instrument's 10-MIiz frequency rtmge. 0.22 all is useci in 
scries witli the 75-ohin shinU tenninatitm. Al 1(1 MHz, input 
reluni loss is improved to tyiiicaUy 23 dB for 75 ohms aii<l 
belter tham 30 dB for 50 oluns, 

NotJnng is free of course, and one disacivanUige of tliis tnniiig 
terlunxiue is worse retimi loss perfoniuuH t' beyond 20 MHz, 
well lieyond I lie instmmenls frequency range. The other 
disadvmilage, it Ibis (echruqiie is pushed too far, is exagger- 
ated frequency response differences among ttie 50-ohm, 
75-obni, iuid 1-megohni terminations. Since calibration does 
not accounr lor the different teriuinaiioiLs iiuie[>en(ienlly, 
these dilTeiences iniisl be well conlained. With 7r> pF of 
uiput shunr <'ai>acitance, 23 dB of 75-oiun reiunt loss Is 
achieved with only minimal (on the order of 0.0 1 dBJ 
differences bel:ween termination frequency responses. 

Input IVip 

Active hiput trip cireuitiy <ieTects excessive voltage f>n the 
50-ohni and 75-ohm injjut tenuinations. Diode-capacitor 
peak detectors t ajjlnre i>eak positive ;um1 negative voltages. 
Comparators then react, caiLsing tJie logic on the uifjut 
boai'd to open Hie termination and protection relays and to 
alert the instrument CPU that the input is tri]->i:)ed. Tlic trip 
pohit is noiniiially ±7.2V, or about +27 dlinr constrained by 
the tUss ipaHon capab ility o f I h e t e rn li n at i oi is. 

It is important that \\w detection diodes be reverse-biased 
for all nornial input signid levels, Tlie thodes only become 
fonvard-biased at signal levels approaching o^-erload, pre- 
vent ing nonliriear conduction cunenls Iroin being drawn 
from the input and causing distort ioir 

Calibration 

The cahbration signal is mtnjduced into tlie mput after the 
protet^tion relay. This is less than optimum in the sense that, 
itleally, the ctiJib ration signaJ would replace the input signal 
Tot as much of the input circuitr>' £\s possible. With this 
approach, the input terminations arc not included in the 
caJibrated input circuitry. 

The principal advantage of tins approach is that the input 
teiroinal ions maintain iheir siate relative to I fie input con- 
nector during cahbration. This nuniniizes dismptions to the 
system comiected to the instrument input. Also, the protec- 
tion circuitiy assocviated witJi t he input t emuiuil ions remains 
in effect during calibration. In the ctjntrasting (iesign in 
which the input terminations are inclmieci in the calibration, 
a temporaiy termination must Ije switciied aiross fiie input 
to mmntahi the load on the system being measured. This is 
viituaily impossible to do whhoui a Irajisient disnipfion o( 



the load, to whieh some systems ai'e sensitive*. Also, protec- 
tion of the temporary termination is a problem thiit may 
require duplicating the trif> cirt uitr>\ 

Since the input terniinalions are not t^alibrated, the calibra- 
tioti termirudinii iiuisl mimic ihein[nii art iiralfly Fortu- 
natt^ly, this cat^ be done vc^iy well up to 10 MHz. The resismr 
and return lo.ss tuning inductor stnicture of the input temiina' 
tion is copied exact ly, with a sinaJl empirically determined 
hmiped capacitance added to mndel the capacitance of I lie 
ininii up to the calibration signal entiy poirit. A transmission 
hue detiming series resistor immctliately rr>IU)\^ ing the cali- 
braticm lemiinalion is also empirically determined, and 
models the series resistor following the injjut rermination. 
Tliese resistors are the subject oi the following section. 

Wide Bandwidth in a Hi gli- Impedance System 

<Jnc:^ oF ihc best ways to achieve gooil linearity and distortion 
perfV>nnancc over a given bandwidiii is In rlesign so that the 
bm id width of interest is a rtdatively small [lart ot the overall 
Ijandwidth of the system. Distortion oflen increases dramati- 
cally at frequencies near die bandwidth limit nf a circuit. 
Tlais, a low-cUsttulion <lesigu may reasonably emplfjy circuitjs 
with ten times the intendeiJ application bandwidth. 

Such is the case with the IIP 89ilOA input. Designed to l>e 
used to 10 MIIz, some of its constituent blocks liave band- 
widths on the order of 100 MlIz or more. However, with 
some signal runs on the input board on the order of six 
inches m length. lraiisrtussit.>ii line eftects ciiraK)! be ignored. 

Tlte normal solution is to use a doubly tenmnated tmnsmis- 
sion line design. Tliis design caUs for carefully controlled 
transmission line impedances matched on both the source 
and receiving ends, Ilow^ever, two factors preclude the use 
of doubly terminated transmissions hues tn this application. 
One is the O-dB signal loss at the source-to-line divider, and 
the other is the inal>ility lo source the retjuired (Uirrent to 
drive inatclief! 50-oinn or even 100-ohm transmission lines 
and maintain distortion performance. 

Instead, a hybrid structure is used. Long signal runs have a 
sntall series back-match resistor at the driving eiuf Some 
inns also have eapat^itiveiy coupled teniihiation resistors at 
the receiving end. These circuit elements control the peak- 
ing it i tVeijuency resi>onse tJiat would oUierwLse occur, but 
do not cause a laige sigmd loss or draw large ciuTents lliat 
would adversely affect distortion performance. 

Attenuators and Input FET 

The lirst elements in the ranging architecture of the input 
are a pair of 20-fiB artenuators. These are liesigned for a 
bmeg(^hm system (presenting I megohm tx> tiie preceding 
circtiitiy when loaded with 1 megohm). 

The attenuators tran.^ition from resistive dividers to capaci- 
tivt^ dividers in the tens-of-kilohertz region. Each attenuator 
retiuires a ttinable-cat>acitor flatness adjustment. The first 
attenuator also has an input capacitance afljustmeni to 
balance I he input capacitance for the attenuated imd 
nona t le 1 1 ii at ed sett ings. 

Ac couphng is provided by a 0, 1-^F capacitor, giving a low- 
frequency roll-off at nominally 1.6 Hz. The ac coupled and 
tk^ coupled paths are carefully bakmced for capacitmice \o 
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gronnd. Without this careful balai^ce, a frequency response 
diHerence would exist between the two paths at high 
frequencies, iinaccounted for hy cahbration. 

The input FET is the only discrete ainplifler stage in the 

input A source foEower \^ith current -source bias is con- 
structed from a matched pair of ,JFETs in a single package. 
Idbs (chiJin current at zero gate-to-soiu^ce voltage) matcliing 
between the two devices to ±5% requires an ac(justment to 
the current source to obtain OVdc aaoss the stage. Signal 
gain is nominally about -1 dB for the stage. 

The FET de\1ce used, a special bigh-transconductaiice. 
higli-ioss typf*' is capable of maintaining disiortion perfor- 
mance well in excess of 90 dB at 10 MHz witli the -12 dBm 
signal levels found at this point in the circuit 

The sotu-ce follower conSgumtion is susceptible to oscilla- 
tions if driven from a reactive source impedance, (iate- 
stopper resistors (small-value resistors placed right at tlie 
FET gale) ensure that the stage is stable for any sour re im- 
pedance presented at the input. 196 ohms was chosen be- 
cause models showed h absohitely guaranteed stability 
while negligibly affectuig the overall noise figure for the 
input, which is doirdnated by the preainphfier. 

Preamplifier 

Wide-ban dwitith CLurent-feedhack operational amplifiers are 
used for all of the remauiing signal aniplillcaiion tasks in the 
input circuit (see Fig. 3). These veiy hig}i-s[*eed, high-fidehty 
de\ires allow amplification stages to lie built with very wide 
bimdwidth, relatively inilependent of die stage gain, because 
of their current-feedback topology. 

Tftis gaiii-l)mi(lwidth indet>endeiice is ex|)lott:ed in the vaii- 
able-gaij] preamj) stage, wliich can he set to gains of 13.4 dB 
or 3.4 dU, thus giving ihe functionahty of a M)-dB pad in the 
circini for ranging. For die small input ranges, il is important 
to achieve as nuich signal gain in this stage as possible to 
have the besi tniise performance. The 13.4-dB gain setting is 
usedt providing al>cjut a 17-dB noise figure for the stage, litis 
domijiates the sensitivity iJerfomiance of tlie nipul. !..arge 
gain leads to a quiet preamp stage because the donnnanl 
noise mecliaiiisni Tor tliesc amplifiers is inveilin^s^ input cur- 
rent nois4\ which generates iin outpm noise for i lie sii^ge ilial 
is independent (jf gain setlmg. Refen'ed liack to die input, thus 



fixed output noise becomes a smaller equi%'a]ent input noise 
with larger gain. 

Signal Eetiim Ground 

A special signal return ground is used for the input cable 
througlt the preamp stages. This ground is connected back 
to the main cliassis gixiund at onJy one j>oint: die ijoint where 
the input cable shield comes onboard. This is required for 
reasons similar lo those prompting the input conne<'tors to 
be dc isolateti at the from panel, that is. currents generated 
by other mecltanisms in the instnmient flow across the 
board giound planes hi this ;iiea. generating small but signif- 
icant sptulous \oltage drops that catinoi be allo%^ ed to add 
to the input signal. Bringing all connections to the signal 
return grotmd back to a single chassis ground connection 
point pre\"ents other currents from flowing across the sigital 
return grotmd, generating spurious voltages. 

.\fter the preajnp, die input signal is large enough not to be 
ad%^ersely effected by spurious gioimd cuiTents, and the 
boarfl ground planes are tised for signal return. The inclu- 
sion of this separate signal return groiuid results in approsi- 
rnately a 1 iUlB reduction in the knel of switching power 
supply related spurious signals, adding enough vSpecification 
margin to guaraittec producibility. 

DC Offset 

A 12-bit digital'to-analog converter sums dc into the dc off- 
set stage, which is a high-speed current-feedback opera- 
tional antplifier Tliis is done under C'ontrol of the instrument 
CPLI and autozero software routines, ajtd cornpensat^^s for 
dc offset alt the way to the analog-to-digiral rotiveiier. (-are 
is taken not lu introduce noise from the digital side and to 
maintain fre<ttit!ncy response flatness in the siunitiing stage. 

Switchable Gain Amplifiers 

The remainder of die ranging is ac^cnui [dished in four ampli- 
fication stages together called the swii.cliatjle gain aniplih- 
ei"s. These stages have gains of S dB, 6 (JB. 4 dB, and 2 dB, 
and can each be switcher I into flic circtiil or byi7ctsse<l for a 
0-dB gaifi for tlie stage. Agaiji. high-speetl cunen I -feedback 
opetational amplifiers are employ ed^ 

To maintain distortion perfonnance, tiiese stages aie only 
used one at a Lime. Usuig one or lioth 20-dB attenuators, the 
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ID-fJB variable-gain preanip, and ont^ or none of the 8-dB. 
(>iiB, 4-dB, ajui 2-<lB stages, ranging in 2-tlB sleps is 
achlevefl fiom -30 dBiii to +28 dBin. 

TVigger Output 

At the output of the switch able gain anipiifiers, ranging is 
complete. At tliis point, an inpiil signal at full scale cjn any 
range is at a fixed size of about -5 cLBm with as much of tlte 
input signal s bandviidth preserved as possible* 

From tills ptiint. file inpui sigi"kal takes two paths. One path 
leads to the trigger l>oard and the other to the analog-to- 
digitai converter. Tlie trigger circmtiy demands a relatively 
large signal since high-speed conipmators with fixed thresh- 
olds are used. Fotlunalelyt signal fitlelity tk^mands are 
relaxed here. 

The trigger signal fii-st passes througli another variable-gain 
stage veiy similai' to the preanip. Tlie gaJJi is set according 
to the dither mode used by the analog'to-<ligital converter. 
For the half-scale dither mode iLsed by the staridalone HP 
894 IDA, the higher 12'dB gain seUing of tlie trigger variable- 
gain aniphfier stage is used, raising the trigger signal level to 
+7 dBni. For tiie qiiajter-scale ditlier mode used by the HP 
89440A RF \'ector signal analyzer, the lower 6-dB gain setting 
is used. 

The fin al trigger a u 1 tn i f 1> 1 1 ITe r serv es t o H 1 11 \ i er jso I at e t be 
mput circuitry' fnini the harsti ejiviroiuiieiit of I lie trigger 
board ami sums in the outt>ut of iin B-bit tligital-to-analog 
con verier for dc offset adjustment on the trigger signal. 
Depenrhng on the range, on the order of 50 MHz of 3-dB 
bandwidth is jjresen^ed from the input connector to the 
trigger output. 

The trigger board provides adjustable- level triggering, over- 
range detection, and half-range detection. The lialf -range 
detection circuitr>^ in paiticulai' must be isolated from the 
input circuits, since for signals above appioxhiiately G dB 
below the ratige, the balf-rmige comparators generate 
sqtiare waves at ihe input signal frequency, pnjvitlhig a 
stiong source of otld harmonic eiiergy, which vouid cause 
distoition if allowed to couple back into the input. 

Filter Drivers and Anti-Alias Filter 

High-s} J eed c u nent - f'e ed bac k operat i on al miip I i fi e rs i n ai i 
hiveiting paiallel configuration drive the iuitj-alias filter The 
partdle] muj)Iifiers' outputs aie simuned into the filter intuit 
through 100-ohm resistors, presejiting a SO-olttn source 
impedance to the filter. 

The anti-alicL^ ft her is a nine-pole, eight -zero elliptical design. 
The filter comer is al apt>t'o.ximalely lO/i MHz. The stop- 
band edge is at approxuiiatety 15.4 MHz. (^Note that 15.fj MHz 
IS the lowest frequency that can iilias back into die IQ-MHz 
batul given the 25,(i-MnK sample rate i>f the mialog-to-digital 
conversion.) The overfill input freifuency rc^sponse, includ- 
ing the effects of tiie lahei- passband, is Hat witiiin less tfiaii 1 
dB, winch is easily corrected by (Calibration, Stop-band at- 
tenuation is topically better than 95 dB for all frequencies 
beyond the slop-b^uid edge. 

The filter is (bi\ en Itojii 50 ohms and is tenninated in 250 
ohms. To maintain signal fidelity, special high-linearitj^ 
mductors me employed. 



A filter bypass patii can be selected if atiti-alitLs filtering is not 
desired. Tliis path is switched at both entls by high-ist)iafion 
relays to prevent signal leakage in tliis path from decreasing 
the stop-band attenuation of tiie Altered path. 

Output Amplifier 

I.ike the filler diiven the output ani]>Iifier is a parallel config- 
uration of a jjair of high-speed cuiTcnt -feedback operational 
ampiifk-iw. Tlit-se together provide a 50'-oh[n output imped- 
ance driving the 50-ohni SMB cable path to the mialog4o- 
digital c{ inverter. This path is terminated in 500 ohnts on the 
aiialog-fo-digital converter end. Tlie 5(i-obnt l>a( k-match on 
the drive end absortis the reflet tiijn frcjm ihe near open- 
circuit tennination and inrvtnir^ srmiding waves. This ter- 
mination system pro\atles iiujilmum dr loading, irujjroving 
lineinity and distortion peifomiance. 

Large -Scale -Dithered ADC 

The ADC is one of the key enabUng lecluiologies for the 
development of a wide-infonnatiott-bandwidth. wide-dynam- 
ic- nyige vector sign id imtdyzei". As the eri licit! block that 
bridges die analog ami digital worlds, (he ADC dominates 
several unp<jttiuit iiistiiuuent spt^cificatiuns such lis llie witl- 
est infonnaii<jn hmuiwidtli ;utd the achievable noise iuid 
distortion dynamic range. Recent trends in commercial 
ADt's rruike it ptjssible to use digital signal processing teeh- 
niques at RK information bandwidths. However, the linearity 
limitadons i*f commercial converters make them misuitabit^ 
for the precision measiueinents dial many tradilionaJ ana- 
lyzer customei's require, Tlieiefore, the ADCs Uw analyzer 
apph cations have customarily been developed in -house us- 
mg proprietary techniques such as dithering to achieve su- 
perior linearity and signal-to-noise ratio (SNR) at higher 
sam]jle rates. 

To avoid the long development times associated with the 
design of a fully eustoni AI)C\ the HP 894 lOA convert er de- 
sign effort leveraged recent trends in conmiercially available 
high-speed ADCs through an informal jjarallel development 
elTott with ;yi external ADC vendor, Tbi.s fast -track atijiroach 
used the highest -speed commertially avjiilable 1 2- bit ADC 
mider develo))nient as mi embedded emntionent in mi HP 
large-scale-ththered circuit design being developed in paial- 
lel. The resulting converter has unprecedented lineiuity per- 
formance for lugh-specd converters, provides sample rates 
to 25,6 MSa/s, and achieves the necesstiry dynaitiic^ range for 
widcb;md vector signiii analyser instrumentation applications. 

HP has considerable experience in the development of 
custom ADC architectures thai use small-scale di the ring. 
The benefits of snmil-seale ditiiering for achieving improved 
spurious peifoniiance are well-known. Snurill-scale dithering 
prcnides a memis for reducing high-order spurious mecha- 
nisms. Dithering in conjmiction with subsetiuent digital 
filtering makes it practical to extract sigiuils fai" below^ tlie 
least-signiJlc ant bit (LSBj step size of the converter. 

Lai-gtyscale ditheriug not only reduces high-order distortion 
products but also seeks to achieve a signifii^ant improvement 
in the tow-order distoH irm iierformant e as well. This comt^s 
at the cost of some signed o\erhead associated with the level 
of dither sigmd applied. Tlie HP 894 lUA ADC Ls the first 
known pi"actieal at>pli cation by HP of large-scale dithering as 
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an exteniai enhancement to ati embedded ADC romponent. 
The goal Wcis superior low-order hiiearir.y at higli eonvenslon 
rates. 

The converter has Iwo modes of operation: quarter-scale 
and half-scale clither levels relative to i he conveners rnlh 
scale level The two modes tire optioii/eti for the HP 8Ji44t)A 
and HI' 89^ IDA, respectively- Fig. 4 dej>icrts the resnltijig 
low -order ami high-ordei* distortion perfonnatice for the HP 
804 1 OA ADC at half-scale dithered operaiioiL A! nomoiaj hill 
scale, the UP 89 llOA ADC provides ty|iically SO-c^Bc second- 
order aiid S5-<lBc* third-order distortion dynamic range \vitli 
5dB of overhead. The high-ortter distortion assi>ciated witli 
the hard flo<jr, wliic!i is fixed for unditherrd converters, is 
significantly lowered, allowing "soli distonion" ht^haiior at 
minii signal levels other than nottiinal toll scale (see "ADC 
Bits, Distortion, anti Dynantic Range"* on page 38 for a dis- 
cussion of the hard floor and liard mid soft distortion). Be- 
cause c)f the soft dlstoilion cluuMtieristic of the tlithered 
converter, I he perforniance measured in tiBc remmns nearly 
constant over ID dB of input level rcinge. This nejdi>illty in 
the noniinai operating pouit allowed hetter optimi/alion of 
tjie overall instnunent distortion performance. The ntniSiMl 
overheati in the HP 894 IDA is available to users for higher- 
SNR measurements. 

In contrast to small-scale dhher, the applicatifjn of large- 
scak* dither poses some sigtiificant design challenges, Tlie 
high-speed circuitry associatetl with dithering must exhibit 
extremely htsl settling times. The large signal swings associ- 
ated with the large-scaie ditlier levels must l)e settleti well 
within the 3r),0t>tis conversion lime to avoid compromising 
the overall converter signal-to-noise ratio. To provide set- 
tling errors ap[>roxiniately 71) fill tlown reiinires lite aiuilog 
circuitry to have a settling time ccnistiurt of r> ns. Moreover, 
the clfjst^ tnoxitniiy of higli-speed switching components to 
%^arions precision linear devices and wideband artiplifiers 
necessitated a careful RF laytnit. Part icuhu' attention was 
paid 10 grotmding and placemeivl to minimize high-speed 
reflections and achieve tJte required RF Lsolation, 

ADC Block Diagram 

Fig. 5 shows tlu* l>lock diagram of the large-scale difhered 
ADC, The dither signd consists (jfrandcjin noise, which 
must be uncorrelated with the input signal, A random 12-bit 



Fig* 4, ADC diittortion tiynrtJiiic 
ratigt' ffjr half-scale dithered 
operatinn 



sequence Is generated by a pseudonmdom nntnl.>er genera- 
tor with a |>eriod of 2^*-' -1 samples* At a sample rate of 25.6 
MSj:t/s this fields a period of about six houi^, ensuring that 
the periodicity of the dither is well below imy measurement 
frequency of interest. Adljacent dither samples are designed 
to be highly micoirelated to ensure that the power spectral 
density of the raiKlom noise is Oat with freqnenc-y. 

The santpled random noise sequence follows two signal patiis 
in the block diagram. On the analog input side of the block 
diagraiti die sequence is coiweited to iui tuiaiog random noise 
representarion by the high-speed dither DAC, w^hich runs at 
the sample rate of tlie f-onva^ler The ajialog re jn esc nit at ion 
of the dither signal is then ctmtbined with the anali^g inpttt 
signal at a wideband sun tming Junction imijleinented with 
very wideband, low-dlstoriion operational amplifjers. Tlie 
combined sigiial consisting of the injHit signal fdns adde<l 
nmdoin noise dither is af)|>lied to the track-and-hold input of 
theiuuilog-lo-digital conversion block. 
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ADC Bits, Distortion, and Dynamic Range 



The nymber of output bits is often regarded as an accurate indi cation of the 

dyniamjc range of an analog-to-ijigitsl converter In faci, \h\t measure can be quite 
m J. s lea ding. As A DCs trend toward more htts at higher speeds, static measures of 
converter performance such as integral and differential nonJinearfty anti the num- 
ber of bits are giving way to dynamrc measures such as signal^o-nnise rano and 
distort ron dynamic range. Such dynamic measures often are far rnare useful m 
evaluating converter performance, particularly in applrcations where canverlers in 
conjunction with digital signal processing are replacing traditionally analog imple- 
mentaiions To help users better interpret the dynamtc performance requirements 
for their applications the specifications of the HP B94tOA and HP S9440A are 
vvritten in tenns of dynamic measures such as SEgnai-ta-noise ratio and distortion 
dynamic range instead of bits 

Often the 6-dB-per-bit rule fs invoked in estimating the dyTtamic range potential of 
an ADC For many converter archttectures this may be an oversimplification An 
obvious exam pi a is a sigma-delta converter, vi/hich may only use a single bit and 
by oversampling techniques achieve op to TS effective hits of signal-tn-noise 
dynamic range. Moreover, conveners with large numbers of bits at ibe output may 
in fact suffer from inherent noise lirnitations thai Jirnit their perfor[nar>ce to fewer 
effective hits. 

A reiatBd misconcBption Is to presume that a converter's ability to e^ract signals 
ts limited by its resnlotJon of LSB Step sue. For ADCs with dithered architectures 
followed by digital hliering the resoluiion is typicaily not limited to rhe converter 
step size. The dithering, which randomiies the quantizatiun of the converter, vuorks 
m conjonction with the inherent time averaging of digital ff Iters to allow the ex- 
traction of signals far beiow the step size of the converter For smaller effective 
resofution handwidths of the digitat filters, the resultant greater processing gams 
provide higher resolution limited only by the accuracy of the digital liliers. 

This concept is analogous to the reduction in noise power that occurs for narrower 
resolution hendwidths of analog IF filters. The digital filters in the HP 694TOA and HP 
85440 A provide up id 23 hits of resolution corresponding to the narrowest resolution 
bandwidth uf 1 mH^. This means the dithered ADC and digital htters can resolve 
signals to -140 dBc (dB relative to the fundamental amplitude!, Dn the lowest 
input range setting of -30 dBm tfiis corresponds to -170 dBm of sensiiivrty. 

Similar arguments can be made for evaluating the distortion dynamic range of a 
converter merely on the basis of bus at the converter output. Often the actual 
linearity may he far worse then the 6-dB-per-hit rule would imply By contrast, for 
dithered architectures the linearity typically far exceeds the linearity suggested by 
tfre number of bits {see "What is Dithering?" on page 44), 

Hard Distortion Fbor 

Another distinction must be made between high-order and low-order distortion 
mechanisms, whose characterisations can be a source of confusion in dithered 
converters. Most undithered ADCs suffer from a hard floor limitation associated 
with the high'Order distonion products generated by the staircase transfer func- 
tion This hard floor has the characteristic that as the fundamental rnpui signal 
amplitude is lowered, the amplitudes of the distortion products rainain relatively 
fixed, Most ADC distortion specifications are written in terms of dB spurious 
because the distortion performance is dominated by higher- order spurious mecha- 
nisms. These spurious products remain fixed in amplitude as The fundamental 
amplitude is lowered, tftereby reducirig the dynamic range in dfic. 

This IS in contrast to analog components and dithered converters, whose distoftidn 
IS usually dominated by low-order mechanisms. Dithered converters exhibtt low- 
order Of "soft distortion" behavior because ihe reduction of high-arder mechanisms 
significantly lowers the hard floor, allowing the tow-order distort ion mechanisms 
to domioate, As the signal amplitude is lowered, low-order distortion product 
amplitudes also decrease relative to full scale The amplitude at which the disior- 
tion products no longer continue to drop and the dynamic range plateaus is called 
the hard distortion floor. Tt\is floor is often measured in tenns of d8fs relative to the 
full-scale level of the convener and may often be referred to as the linearity of the 
converter This is deprctsd in Fig. f Undithered, the HP B9410A hard floor would 
be around -68 dBts Dithering reduces the actual hard floor to approximately 95 to 
lOOdBfs. 



LnwonJer distortion products are usually measured in dSc {dB relative to the 

fundamental signal amplitude! Because the distortion performance of the HP 
8941 OA convener is dominated by low^ order mechanisms the distortion is specified 
in dBc at nominal full scale. 

Distortion order originally derives from the order of the term in the polynomial 
expansion of the trar^sfer function. It also dictates the amplitude and frequency 
behavior of a particular distortion product. A dBc specification gives distortion 
performance relative to the carrier for a given amplitude. The traditional rule for 
determining the distortion amplitude behavior relauve to the fundamental is 2 dB 
of second-order distortion amplitude reduction per dB of fundamental amplttude 
reduction, 3 dB per dB for third-order, and so on, First-order distortion changes by 
1 dB per dB of reduction and therefore the dBc specification remains cnnstant 
with changing fundamental amplitude. Because Ihe dBc specification is depen- 
dent on the absof ute level of the fundamental, many amplifiers and mixers are 
specified in terms of intercept poini which is die theoretical signal amplitude at 
which the fundamental and the particular distortion term are equal. 

The order of a distortion product also dictates the frequency behavior of the distor- 
tion product m relation to the fundamental. A 1 -Hz shift m fundamental frequency 
causes second -order distortion products to shift by 2 Hz, third-order by 3 Hz, and 
su on Examples of third-order distortion include third-harmonic distortion or third- 
order intermodulation. 



I 
I 

c 

1 




Fundamental Amplitude 
(dBml 
AUCClip 
Level 



Norr»inal Full 
Scala 

Fig. 1 . Behavior of. venous ordflfsof low-jOfnier distortKjn. 



38 



Dftvnihpr i^ii lh^wUm-FAika,rii<\aiinui\ 



)Copr. 1949-1998 Hewlett-Packard Co. 



— -«> - 



Sec end- Harmonic snd Second -Order 
ImemiDdulaticHi Distoftion 



^ 



Third'Hamionic and Tliird-Onter 
fnie rrpod ul alioii Distortion / 



-h 



^ +S 

Nomina I Full 
Scale 
Fundamental Amplitude (dBfs} 



Fig. 1 SpBdfifld kw-ordef distonjan uf the HP 3941 DA ADC 



Alitajgh rt ts genera Hy Xtm that boift the franuefTcy snd ihe afnpliti>de ofdeis of 
tetiavior are consisteni for a given tfmoftiOTJ product, ftiis is not always ilie case 
when a discontsnuiiy is involved. An example is crossaver dtstortion in a cJass B 
an^lifier oiitput stage, the second toncwiic may f^ot ©dhttit secDrTd'Oni& snpfiiude 
behavior. Sim+lar effects are seen in ADCs, which are fundamenialty high-outer 
with mn^Dus discontinyihes associated with the staircase transfer fynction. 
Dithering [echniques seek re redL«:e of eliminate the effect of disced! imjiiies 

Fig. I illusUBies the difference between hanJ and softdistortrDfi in terms of dBc, 
and shows the behavior of severai enters of soft llowordef) distortion The soft 
dfstortion characteristic for the W ^41 DA ADC pfedominantly exhilJits first -orrfer 
smplftude behavior and is specFfied as shown in Fig 2 for both s^ond-harmnnie 
and third-harmonic distortion and secand-order and third-order mtermodulation. 

fVtanfred Barti 

Customer Support Engineerirvg Manager 

Lake Stevens Instrument Division 



Tfie rligital path of the pseudorandom noist* generator Ls 
lOiJted to a high-speed 13-bit digital subtraLior Lnmiediate^ly 
folio wlrtg iht* aitalog-to-digital con%^ersioiL Hie subtractor 
consisi.s of 4-bil pipelined adciers with lookahead carrvr It 
suhtTat:*t.s cotrespondiiig values of dither tMi a i>er-sampip 
ba.sis from die converted distal representation <jf the input 
signal plus dither. The appropriate numljer of tlelays in the 
digital path of the converter ensure that correspoiKiing 
vahies of dither are correctly subtracted, thereby removing 
th*.^ dither and leaving only die digiliil representation ot die 
original input signal. 

In practice, it is a design challenge fo ensure tftat the sub- 
traction step is [lerfonned exactly so that no residual unsub- 
(racted pseudorandom noise degrades the overall ADC' signal- 
to-noist^ dynamic raitge. Several mechanisms can contribute 
l.r^ the convener noise, such as inaccurate sukitratnion of the 
dither, the settling lime of the ratiidly r hmiging dither signal 
in an ak)g components, and feedthrough of the thtfier signal. 
In addition, distortion enors in the dither DAC manifest 
themselves Jis dither siil>traction errors which detract from 
I he signal-to-noise ratio. Hetthng times i^ssociated with the 
iiiuilog cf>mponenls snch tis the dither DAC, the AUf track- 
aiKMioUi circuit, antl the wideband amplifiers nuist be mini- 
mized to ensure that Llieir noise conli ihutions are below the 
converter's own noise. Ditlier teefitlu-ough is minimized hy 
designhtg for high isolatioji. Fig. (i shows a Pareto chart of 
the noise floor components in ihe large-scale-ditiTeri^l ADC. 
Tlie indivlfhial noise mechanisms were reduccHl to below the 
inherent noise of the vendor-supplied ADC cfjniponent, re- 
sult iitg in a signal"! o-uoise ratio of 127 dBc/flz. For half-scak^ 
rhthered mode, the signal-to-noise ratio is 124 dBc/IIz, lakuig 
the additional 3 dB of dither overhead into account. 

ADC Correlator 

Small-scale rhthen^d converters can often perform the sub- 
trat tion step \^ith minimal noise penalty heiause the dither 
signal levels are on the order of a few LSBs. Some small- 
scale dithered converters ignore tlie subtraction step eMitirely 
b(M'ause any residual Ufuse left hy subtraction er roi s is negli- 
gible. For large-scale dither, tJie precision of tJte subtraction 
^\\^\^ ber-omes crilic;d, fjet atise the large signal levels 
employed often exceed the magniimle (jf tiie input signal. 



Accurate subtraction is at^liieved by using a digital correlat- 
or/accumulator as pait of a Iow-frequenc\v feedback loop to 
generate a feedback error signal. Tlie feedback error signal 
is converted into an analog error signal hy the automatic 
gain control (AGC) UAC, The ajialog error signal adjusts the 
amplitude of the fill her signal at the output of the dither 
E>AC to eirsure exact subtraction. 

The operation of the correlator can be described matiie- 
matically. At the output of the ADC. the digital representa- 
tion of the kth sample rjf the input signal plus dilher cjm be 
described as: 

Aoutji = D|;(l -J- e) -h S^, 

where D]^ i^ the kth dilher %'alue, Sj^ is the ktli Input signal, 
and e represents the dilher gain error FrjUowing the digital 
sufjti-action of the dither, tlie digilal output signal consists of 
the digitized version of the input signed plus the residual 
dither eixors: 

Doiitj, = Dk^" + !^k- 
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The correlator niultipiies each output saiuple by tlie corre- 
sponding rlither sample, yielding: 

CoiTk = D^e + DkSk- 

These values are consecutively added to thp contents of the 
digital accumulator, \ielding an accumulating average whose 
expected value is given by: 



Ace = E DJe + D|^Sk 



= E[D£e| + E[DkS„j 

Because the dither signal is uncorrelated with the input 
signal, the expected value of their product is zero and the 
long-tenn average value of the accumulator is: 



Ace 



E\j)le] 



Thus the expected value of the correlation samples is propor- 
tional to the dither s^nn enor Siunmation of these samples 
in the acciunuhiLor acts lis a cJigital integrator. The feedback 
dither error signal consists ofihe 8 most -significant bits 
(MSB) in the accumulator It is ted to an 8-bit AGC DAC 
whose aruilog oul])Ut luodt dates the amplitude of ihe dither 
siguiU at the output of the lugh-speed dither DAC to drive 
the dither subtract irm errors lo zero, 

Dither Gain Control Loop Analysis 

The dither gain control loop is a mixed an^dog and digital 
control system. A simplified diagram is shown in Fig. 7a. 
Lumping the correlator and accumulator gains into a single 
feetii>ack gain pi and ignoring die s-domain effects of the 
zero-order hold iissoc iated with the x\GC DAC and the loop 
shaping filter results in the simplified z-domain loop shown 
in F'^g. 7b. The transfer function of the dither error derived 
from the simplified output error signal in the z domain is 
given by: 

Eo(z) ^ mo - 1) 

For the correlator loop the combined system gain of the 
dither DAC and ADC, A„, b approximately I ;md the feedback 



gain (] is <1. For Af, = L the dither error goes lo zero. For A^> 
approaching 1, Oie ili tiler errors are proportioned to p. 

The bit size of the accumulator dominates the feedback gain 
cojistant p, which determines the time constant of the loop. 
Tlie effect rd'the dither gain loop on the input signal is to 
produce a small amoimt of amphtude mociulation. TJic mag- 
nitude and frequency of the AM sidcl>ands are made negligi- 
bly small by choosing the at*cumulator size lo be sufficiently 
large (36 bits), Tliis corresponds to an ui)[jroxirriate ft value 
of 2^'^*^^"^ for a 12-bit sample size, or modulation sitlebands 
thai are l-l-l (iB down. Iry addition, one can estimate the loop 
bandwidth from the loop equal ion: 



BW(3-dB) - 



\% 



For (i = -144 m = 10-1^^^'*^ the loop bandwidth is 0.5 IIz 
yielding a time constant of 2 seconds. Tliese estimates are 
within an order of magnitude. 

The long time constant associated with the dither error re- 
duction loop would manifest itself in the system at power-up 
as a noise floor in the frequency domain that siowiy low^ers 
and settles out at the system noise floor as tlie flithei' gain 
loop drives the dither subtraction errors to zem. Although 
the decay is expf jncntial^ on a log amplitude scale in the 
frequency ehJinain (Ite settling time ajjpears a.s a linear phe- 
nomenon in time. To overcome the slow settling at power-up 
iui accumulator initialization step is implementetf During 
periodic calibrations the top 8 MSBs of the accumulator are 
stored in the instrument nonvolatile RAJVl. On a subsequent 
pt)wer-up, the stored v;dLie is preloaded into the MSB por- 
tion of the accumulator, thereby providing inunediate ADC 
operation with optimal si glial -to-noise ratio. 

Hard Floor Mechanism 

Although dithered converters substantially lower the hard 
Ooor distortion plateau » they eventually encounter a mecha- 
nism that limits the depth of the hard distoition floor. One 
such mechanism is mi wanted couplmg of the dithercni ADC 
fligital out].iut to the analog input. This is explained henristi- 
caUy by considering the MSB cjr sign bit of the digital output. 
This tligital signal is s^Tichronous with the fundmnental input 
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signal frequency because it toggles ii^ phase mith the sign of 
the inpiil signal. The MSB can be considered to be rich in 
cUstonion ham ionics related to the input fundaniental. These 
harmonics remain constant relative lo the input sigiiid level, 
and depending on t^ie converter (jutiiut-to-input LsoJation, can 
couple back into the input. Tlierefore, the reduction in dis- 
tortion seen in ihthered ADC 5 as the inpni signal is lowered 
is liniited by this distortion feedback mechanism. 

This mechanisni was characterized with the converter oper- 
ating in the HP B9410A wtiji the help of the autocorrelation 
measurement feature of tlie instrurneni. Because this mech- 
anism is correlated with the input bnt occurs at different 
time delays relative to the input . autocorrelation proved 
helpful in imcovering specific areas in the h turd ware where 
the mechanism was dominant. CoiTelation peaks of the in- 
slrunient noise Ooor were obsen'ed at specific delay times 
corresponding to muldples of the s;imple clock delay follow- 
ing the ADV convei^ion. The mtjst notable peaks were asso- 
ciated with delays corresponding to the output bus between 
die A[;)C ouipyl and the digital filters. To retluce the effect of 
tills mechanism on the distortion hard fit jor in 1 he ADC the 
digital outputs were chtmgcd from TTLto RCh^ which hiis 
lower voltage thresholds. 

Digital Implementation and Diagnostic Modes 

The i!t£yorily of the digital functioJiality of the large-scale- 
ditiiered ADC is implemented in two electronically program- 
mable gate atTays. Tlie gate array algorithms can be dynami- 
cally reloaded dtiring instnmient operation. This facihtj' is 
used to t>rovide liie haif-sciUe and quarter-scale diiher modes 
of operation for the HP 894 lOA and IIP 8944(JA. respectively 
Flexibility in choosing different modes of operation alloweti 
the dithered ADC to l>e tailored to the individual overhead 
and dynamic range requirements of each instnunent. Tliis 
capability isalsfMJsed (0 |)n>vide factor^' senice tecliniciiUTs 
a variety of ADC modes fur diagnostic senicing of not (jnly 
the dithered ADC but Ifie instrtnnent signal processing hard- 
ware as weU. These mcltide various test signal generators as 
welJ as dithered and lui^lit Ivered modes of operation. 

Digital Local OsciiJator and Decimation Filters 

MLer signals are sampled by the aJiaiog-lonligital converter 
section, llie digital signals aje passed on to the digital local 
oscillator mid decinuition filter ( 1.0/1) P) hkjck. Tlie con- 
verted tlatastreajti is first rcRited througli an intennediate 
assembly between tlie two ADC channels and the LO/DF 
block. Tills buffer/switch assembly provjrles a data multi- 
plexer so that signal sources other than Tl\e analog front 
ends — tligital intnits. for example — can dji\'e the LO/DF sec- 
tion, li also tillows further digital siguiil conditioning such as 
time gating to be performed on the data Ijefore it reaches 
the niters, Ftjr diagnostic* purposes the digital source outtnit 
can he routed througli the hoffer/sv^itch assemiily to drive 
the Ltj/lJp section. This mode allows both the digital source 
and the LO/DF assembly to be thoroughly exercised during 
diagnostic tests. 

The buffer/switch assembly also performs ECLrto-TTL signal 
level translal ion on die inconiin^t? ADC data. One of the design 
challenges (^ncounlered while huilditij^ the tlP8941()A in- 
volved the backplanes signals and tlie method by wliich the 
ADC ^Irives its data througii the backplane mid onto the digi- 
tal L(.)/DF assembly It was found thai Til. drivers on the 



ADC assembly combined with the capacitance of the back- 
plane made for a noisj^ high-current switching combination 
diat fed noise back into the ADC^ signal-conversit>n circuitry. 
To eliminaie tlils source of spurs, the ADC drivers were 
clianged to quieter ECL bufiers. The smaller noise ntargins of 
ECL logic required caiefuj shielding between the ADC data 
bus and the suirounding TTL signals of the rest of the back- 
plane to prevent cros^alk. The EC*L buffer output and ECL 
recer\^r input terminations are matched to the impedance- 
confroUed signal lines in the backplane to ensure optimum 
transmission line characterisfics. 

After the buffei/switcli assembly the converted ADC signals 
from both input channels get passed on to the LO/DF assem- 
l)ly. This block provides two channels of &"equency selective 
band analysis. Each channel provides one complex fre- 
quency sliifter and two sets, real and imaginary, of digital 
decimation filters. 

Tlie digital LO is a proprietaiy Hewlett-Packard high-speed 
IC that consists of a precision quadrature local oscillator, 
two mixers, and two low-pass fillers. It rakes in real input 
data and produces low-pass-filtered complex output data. 
This opcrafion is kiiowii as jeoom mode. The local oscillator 
consists of a precision 40-bit phase accumulator followed by 
a sine/cosine generation circuit, The phase accumulator is 
designed to give decimal frequencies for typical sample 
rates with a minimimi resolution of 25 ^Hz, although tlie HP 
894 IDA requires a settable LO center frequency resolution of 
only 1 [uHz. Tlie sine/cosine genei^adon haidware stores the 
fii^st octant of sine cuid cosine in two 256Helement ROMs. 
Tlie ROM data is used with linetu- uiterpolarion to generate 
two suiusoids offset by 9t) degrees with worst-case spms of 
-110 dBc and t^ical spurs of -125 dBc, 

After mixing the local oscillator's complex sinusoid wit h the 
input data, ihe output is y = xe"J'^^^ where x is the mpul data 
and (11 = 2jtfi/). Tliis compk^x mixing allows the re<d inimt 
data to Ije fretiuency translated arountJ dc for further base- 
band riltering and tlccimatioir Tlie input signal at fretjueney 
fji, is translated to fom - f]^^ - fu ). 

Tlie first set of low-pass filters is impiemented in the di.qital 
LO. These filters vmi he Ijyjjassed for fiill-span (nondtM-i- 
mated) rlata or used when snialler spans are required. When 
the filters are iLsed, tlie data is h<tndlitnited to fj/4 io prevent 
aliasing and the output is oversam|.>led by two. 

To [provide user-selectable bandwidtlis, the down-converted 
complex baseband signal profhicefi by tlie iligital LO goes to 
twr> klenfical proprietaiy Hewlett-f*ackajil tligilal decimation 
filter ICs, one for Ihe real data ^uul one for the imaginaiy 
data. The recursive decimation filters can be thought of as a 
cascaded chaui of alternating digital low-pass filters and 
decimate-by-lwo blocks (see Fig. 8). Witli an A\)V samtile 
rate of 25.6 MHz, tiie available decimated oiUpnt data rales 
are 25.6 MHx, 12.8 MHz, 6.4 MHz, ,.., 3.052 Hz. These sample 
rates correspond to alias-ftee analysis spajis of 10 MHsi, 5 
MHz, 2,5 MHz, .. ., 1.192 Hz. By using a prof>rietai"y re.sainj}ling 
algoritJim implenicnted in the main DSP, diis limited set of 
analysis spat\s ciui be expanded to provide any user-selected 
arbitrary span between 10 MHz and 1.0 Hz. 

The filter cMps support, tiiree different modes of operatiun: 
b.M}asSj decimate, mid inteipolale. The digital sour<*e, de- 
scribed in a following section, uses the illter cliips in the 
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iiitt'ip(jlate nujtie or 'niaoz" iiiocl€\ The cligitaJ L()/DF assem- 
bly iises the filter chips m both the bypass ai^d dec iniale 
jiiories. hi l>>i>iLss mode, Ihe data is simply passed duo ugh 
tho chiji unrluijiged. This inofle is user! fur fiill-span K^Mllz 
nieasureiiienfs and IVir the Jiext siiiaJler l>asic- sfjaii. ^) MHz, 
becausf' the first fiher step is in the L(> chip. For the 5- MHz 
span, the oversanii>led data passing thi ougii the decinvation 
Kller chijis is decintated by t\^ l> exienially in hixrciwaiv Tor 
the resuhant ouipui sample rate of 12.8 MHy.. FurspaJis 
smaller than 5 MHz. the digital filter clnps aie coiifigured for 
the derintate mode. The data is proressed through 23 passes 
of det^imate/lllter ste[)S, eacli pass t orrespoodiiig to otie 
det'iniate/fiher stage iri Fig. 8. Eat-h pass result is outj^ul from 
the digital filters, but only the pass of interest is deposited 
into the sample RAM. If desired, all of the basic spans of 
interest (except full sfiaii) cmi bv gathered by the iiiKtiaimeiit 
at, once, to be usetl m idgoritluus such as L'Tsl^jtlavc analysis. 
The sequence of pass outputs is; 

... 1 2 1 3 1 2 i 4 1 2 1 3 i 2 1 5 ! 2 1 :1 1 2 1 4 
1213 12 1612 1312 14 12 13 121 ..., 

w I u^ re pass 1 refers to the uiit]>ut of t tie lust ruseaded 
decin^ate/rdter section and fjass 2 refer*s to the outtjut of the 
second c ascaded deeimate/filrer sec tion. The setjuenee Ls 
stnictiired so d\at for eveiy pass k. diere are two input pouiLs 
cf^muig fiom die previous pass (k - ! ). For example, between 
each pair of pass 2 outputs there are two pass 1 outputs, and 
between eaili pmi' of pass 3 outputs diere are two pass 2 out- 
puts. This sequence follows Jiaturally from the jiUX'hitectiLre of 
the cascaded decuiurte/tllter sections. A deciniale-by-2 filter 
requires two in jmi points for eve ly output ] joint. Tlierefore, 
two points from the ( k - l)tli pass mu>st be output before the 
kth pass can calculate one output, pouit. 

Tl\e low-pass filter is a compromise between optimum filter 
shape and calculation speed constraints, Althougli it has 
fairly j^ood passbantl ripjjle characteristics, the lllter s pass- 
bmid response droo]TS tt» ne^arly -0.5 dB at the up]ier end of 
the analysis span. Similarly, while ll>e filler stoj) btind pro- 
vides good rejection, tlie transition baiid of the filter, reflecteti 
about the Nyquist frequency, falls into the upper frequencies 
of tlie mialysis span, limiting the worst-ease alias protection 
to -86,7 dB. Tlie worst-case passband rijiple is about 0,2 dB 
kmd the vvorst-case stop-biincl rejet tion Ls better than 111 dB 
(all passes). Correction routines in tlie main DSP account 
for tile passbantl rf jll^:>ff anomaly and ensiue veiy flat pass- 
band characteristics for die entire span. The IIK filter iniple- 
mentation enhances calcularioii peifomiance while saerific- 
ing tiine-domain performance as a result of the filter's sharp 



cihoff and nonluieai' phase chaiact eristics, Algoridims im- 
plemented in tlie main DSP provide the necessary overshoot 
and phase corrections for time-doniain measurements, 

Tiie IF trigger circuit on the tiigital LO/DF assemliiy uses die 
complex digital data coming out t>f the decimation fillers to 
allow hequency selective triggering. As of^posed to tradi- 
tional broadbajKl triggeruig mechanisms like the analog in- 
put trigger, the IF trigger looks for energy present only in 
tile frequency hnnil selet led. Tlie IP trigger circuit looks at 
data coming out ot the real and imaginary digital filters from 
eitiier channel i or channel 2, A RAjVI is used to provide a 
conqitex-niagnitude mai) that isconipai"ed to the incoming 
c onqilex, l)and~selerled data. The map can be visualized as a 
graph with the real p^ut of the input data tUong the x axis 
and the imaginaiy pajt along the y iods, Tlie magnitude of 
the complex input data is the square root of the smn of tlie 
Sijuares of the real and imaginmy parts, which describes a 
circle on the graph. For a given trigger value, the corre- 
sponding magnitude circle is cailculated and piac t'd in t he 
map. The RAM is programmed to l)s for 1 hose eornplex pairs 
falling inside the trigger circle and to Is for tliose values 
falling outside. When the incoming datas x-y location in the 
ma]) moves from wilhin Ihe circle, where the RAM reatls 0, 
lo withonl, wlvere the RAM reads 1. the magnitude of the 
data has crossed over the trigger ]3oint, WTien tiie IF trigger 
circuit detects the change of map values from to 1, it gen- 
erates a trigger to the instrument, Wltli two bitii in 1 he map, 
two separate circles can i>e (it^scribed, allowing afiditlonal 
trigger fnnctionahty such as hysleresis. The Itysteresis algtj- 
rithni requires that tlie inpnl signal first fall below the pro- 
gnmimeci hysteresis level (smaller circle) before resetdng 
the circuit to look for a new trigger (larger circle). 

Sample RAM 

'fhe samjile RAM assembly is an integral eomponenl of the 
measurement ;md triggering functions uf the HP 8941tJA. In 
addition lo its main fimciion of capturing one or tw^o cliaii- 
nets of data from die digital LO/DF ttssembly, \t provides tlie 
haidware nec^essary for pret rigger iuid post-trigger delays 
and block size accounting, 

'Two sajiiple R.A.M options aie avi:iilable, Tl^e stmidai'd config- 
utarion pro\1des storage for 32.708 t>4-bil samples (32-bh 
real. 32-lnt imaginaiy) for c^ach in[)nt channel in two-clumnel 
mode, and 65,53ti 64-bit samiJles in single-channel mode. 
The optional configuration provides storage for 5i2K 04-bit 
samples for each input chai^nel hi tw oh: haimel mode, and 
IM 64-bit samples hi single-chamiel mode. In single-c- haimel 
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mode, the larger configuration provides about 41 ms worth 
of data at thp full 25J>MiIz sample rate and about 191 hours 
vvortb of data at die lowest alJovvat>]e sample rate of :3.052 llz. 

The main challenge in designing the sample RAMs was 
delivering high-si>eed data capture ( > 4tX) Mbytcs/s) at a 
reasonable cost. Tlie smaller sample RA.\1 board is designeii 
with high-speed SRAxMa The larger sample RAM required a 
different approach l>ecause of the size of the memor>^ and the 
relatively high cost of high-speed static RAMs. The soltition 
to this problem was found by using interleaved hanks of 
\1deo RAMs. Tlie two-port \1deo RAM lias a higli-speed serial- 
access register interfaced with a slower random-access 
memory. Tlte data from the digital LO/DF a^^sembly Is loadeti 
serially into the videfj Rz\M serial register (up to 512 samplt^) 
and is transferred with one operation into the nmdom-acceas 
memoiy. Tlie samples vim then be accesses! %ia the slower 
system bus by llie USP or system micTOprocessor. 

8K samples per channel is sufficient data to support, the 
display which shows a maximum of 3200 lines of frettuency 
data. The larger s^miple RAMs aie used for the time capture 
measurement mode, in wliicli the iiitit niment captmres a 
large amomit of contiguous data for laier processing. 

Digital Signal Processor 

The DSP assembly is designetJ aioimcl the Motorola 
DSP96002 IEEE floating-point digital signal processor. Ttie 
DSB>6()02 provides two 32-bit memory ports and peak jjer- 
formance of 48 MELOPs. Tlie two iiieiiiory potts aie ideal 
for EFT c;i[{ iilali(His. the main fund ion of the E)SP The DS!' 
can l.>ecome the bus master for the system, allowing it to 
access data from the sample RAM dii'ect ly perform the nec- 
essary data prnressing < i[>prations, and then plwce the re- 
sults directiy hiUt ] \h- display assembly By renuning the 
C'PL) from the jnain data How path, tiie instnunent's through- 
put is significantly incretised. tJn a typical fasf average 
meastirement, the DSP can transfer and proc^ess 300 
fil2-poin1 complex spectra (including correcii oils, FtTs, 
averaging tuitl display fontiatling) per secroiiii 

Display 

The disi>lay assentbly is based on the Texas histniments 
TMS34i)20 gjirijiiilcs system proressoi^ (tiSP) and a IM-i^yte 
bmik of video RAMs. The CiHP is a 32 bit high-spetnl general 
purpose processor timl is optimized for graphic display sys- 
tents. The display systc^m is designed to kdknv data pomts to 
be placed direciiy itito display meEUoiy by the DSP Tlie GSPs 
prognim iheji processes these data points tuul constnicts a 
trace mid Ibe surrotiiidmg amiotittion on the display inde- 
pendently, without, tnilside processor inteivention. This ar- 
rangement frees the DSP and the host VFV hoiu the need tti 
control the display operations directly. The result is up to 60 
trace updates per second. Waterfall iintl spectrogram dis- 
plays are limited only by the instrument's processing speed 

One of the (challenges in designing the display assemlMy 
came from the aniilog video circuitry^ Tlie video RAMDAC 
ajid vidro buffers shaie a printed circuit boanl with the DSP 
mid disjiUiy iilt^cks. The large data buses c(^ming onto the 
hoard and the associated circuitiy cause a lot of groimd antl 
pf wer noise, which tends to show up on tht^ video output imd 
C KT To rediU'p the effects of the digital noise, the iinah>g 



video subsection is placed on a ^ht ground and power plane 

"island" and ihe video signals are routed to the backi^iane 
iieivveen sandwicheii ground planes to provide shielding ai*d 
a controlled 75-ohm trace impedance. 

CPU 

Tlie HP 894 lOA central processing unit assemt>ly is based on 
the Motorola MC68KC'030 32-bir microprocessor mid the 
MC68882 floating-point math coprocessor The CPl' liatidles 
maity of ihe user interaction functions and the higli-level 
control of the measm-enient s>'stem. Tlie CPl^ assembly also 
provides system bus arbitniiion and -L\I b\tes of main mem- 
oiy, and contiols the flexible disk, the IlP-lB (IEEE 488. lEC 
625)- the serial port, and the keyboard. The HP 89410As 
system code is contained in 3M bytes of in-circiut program- 
mable Oash EEPROM to allow easy Rntiware updates via 
the flexible disk drive. 

Backplane 

Ajiother challenging astK^et of the HP 8941 OA tlesign wjls 
dealuig with the large ntmiber of signals to be routed from 
assembly to assembly within the digital card nest Tlie card 
nest backplane motherboard coimects eight digital logic 
assemblies and connects ihe display assemiily iij ifie inter- 
nal CRT die front ends to the LO/DF assembly, and the 
source to the digital source assembly. Tlie backplane routes 
approximately 400 signals through five 150-pin connectors, 
three 200-pin connectoi-s. atul two ^300-pin comiec^tors. The 
backphme liad to be caiefully designetl lo caiiy till of these 
signals wit it minimal crosstalk and ground l>oimce iind im- 
pedance<ontrolled ECL, video, and clock lines. The back- 
plane is tonstrncted lis a ten-layer boiird. The top layer is a 
giounrl plaite. Tlie next layei' provides the ECU video, and 
system clock (races and is sanflwiched between the top 
layer and another grcjuntl plane. The two ground t>lanes, 
along with die (lOOrHncfi-wide trar'cs, produce a 50 ulim 
cbaracteiistic inipedanrt^ I lansmissi tju line for tliest-ji'iK 
or I his layer The analog video signals and two AlK' E( b 
data buses are f uitlter shielded from the ITL-lev el system 
clock lines tiiat reside on tJiis layer The fourth layer pro- 
vides the -f5V power |>lane while the last six layei-s aie used 
for the rest of the dtgilal signals on tiie backplane. These 
I ay ers are pi i q ^ose ly set larat ( x I f rf )m t h e g ri n m f 1 ant 1 1 )o w er 
planes lo lower capat iliutrt^ and thus increase tlu^ thiuacter' 
istic impedance of the signal lines. The higher imi^edance 
Iinn^ents ground bo mice on the digital assem lilies when a 
large number of oiUputs on the backplajie ai^e act jvat<*d at 
tlte samt^ time. The large buses such as the system address 
and data bus are ]>laced on the componeu( side of the back- 
]>hme (bottom) to keep them as fm- away as iiossible b*om 
the ground plartes. h\ ailditiori to the extruded fi'orii'("n<l 
analog caid nest shielding, another shield is placed between 
the front end and the electrically noisy backphyie. 

Digital and Analog Source 

The HV SimOA source is alJAC-driven, 50-olun out|Jut 
imjjedmiee analog source wtLh ca|)abilities similar to many 
standalone sources, it provides a vaiit'ty of out|*ut types 
including sini^le-frequency sine. nanssicUi distributed ran- 
dom noise, perio(hc cbij-ij, and usti-defnuMl arbitrary wave- 
forms. Tlie source is used in caliluaring the HP 894 lOA ^aid 
in diagnosing the rest of the instnirnent. 
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What Is Dithering? 



Dithermg is a meihod for rar»do.mmng the quantization errofs of an ADC hy adding 
s! [my I us thai (S uncorreiaied with the destred signal at the analog input of the 
converter. Fig. 1 depicts a basic block d tag ram of an externally dittiered converter 
in which the dither signal is syblracted f of lowing the ADC conversion, There are 
various types of dithering, which can be differentiated in vmm^ ways, one being 
by the characteristics of the dither signal Dither signals can be characterized on 
the basis of signal type (such as noise}, amplitude Ismail -scale or large-scale!, or 
frequency [rtarrowband or broadband), as shown in Fjg 2 Narmwbsnd dither 
signals outside the information bandwidth can be removed following the conver- 
sion by digital filtenrtg. Dither signals ate also often characlenzed on the basis of 
the probability distrtbuiion of the dither amplitude (such as uniform or Gaussian 
for random noise]. 

Dithering a converter can provide significant impro\^ements in the ability to extract 
signals below ihe resolution of the converter and in linearizing a converter's per- 
formance. The improvenrtents vary with the degree and type of dither Combined 
with theTime-averagmg property of subsequent digital filtering, dithering effec- 
tively removes or smooths the quaniizatton noise inherent in the staircase transfer 
function of an ADC, 

This can be illustrated as follows. Consider an ideal ADC with a staircase transfer 
function whose quantized ideal error transfer function is shown in Fig. 3a, The 
expected error transfer function resulting from dithermg Wfth a tandum nojse 
signal can be computed by evaluating the expected transfer function wjth the 
weighted probability distribution of the dither Fig, 3b depicts a uniformly distrib- 
uted probability density functton of random dither with exactly 1 LSB of dither 
amplitude. 

The general equation for computing the expected value G ftjr a transfer function 

with one random variable is given by. 

G = I m^mi, 

J — x 

where e(z\ represents the transfer function and p(i) represents the probability 

density function of the random variable z. Tlie expected value computes the aver- 
age of the transfer function weighted by the relative likelihood of z. For the case of 
dithering, in which the random vanabfe z is added to the input signal of amplitude 
X, the resulting expected value of the transfer functton appears as follows. 



G(x} 



=r 



pfz)e(x + z)d2, 



The function elx+r) corresponds to the transfer function in tbe variable x added to 

the random variable z representing the dither 

This resembles a convolution, and hence we can iHustrate the prricess graphitaNy 
as the integration of the dither probability density function as it is moved past the 
ADC enror transfer function as shown in Fig 3c. For a dither amplitude of 1 LSB. 
the integration result is lero, yielding an ADC transfer function that is completely 
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Fig* 1, Block diggram of an extemally dithered anait^g-ta-digital convErier. 



Fig. 3. 1a[ Error transfer function d an ideal ADC \h\ Prcibabilrty densitv function of uniftfrmly 
distributed randnm dilter wJth MSB amplitinie (cj Convoluticm of (a] with [h] vield^ mm 
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Umlilher^d 




Fr^oimnf^v (H7I IS' 

Rs, C ThifiHiafmontc distortiofi of ttie same AOC wjth lacge-scats dithef and mj dither 

linear The hrgti-order dis^Qriion terms gssociated with the polynamiat e;?pansEon 
of the quantized transfer function are effeaively removed by the djthermg. Thfs 
result is true for ditfier ampliiudes that are iniegraf muJiTpies of the ADC LSB. 

Low-order distorttoo performance improvements can also be obtained by the 
application of large-scale dither- In practice the large-scale dither effectively 



sfmottis the mflectims caused by tfie ime^al nonllnearity of the ADC transfer 
function Although ditfiering a transfer character! slfc wiih a single secorHJ-sirdBr 
or third-order distortiofi temi does not intprove tfiat term, it does improve the 
tow-ofder distortion of transfer fundtons whose polynomial expansions also 
contain higher-order terms, whtch is the case w real ADC transfef fuiiclioos The 
generates loweronter teems from tl»e htgher-order terms, arri these 
■n the origiffal low- order lams off tfie transfer f unction m make then 
^TtalJE; Tfiis results in an overati mprDvement in low-order distortion Tlie degree 
of improvement is directly related to the magnitude of the dither sEgnal employed. 
Larger-scale dither yields greats reductiort of low-order distortion for a given 
stgnaj amplitude. 

Fig 4 demonstrates this FriTBOorriaTon with a measurermnt ttiatcojnpares the third- 
hamonic distortion performance of the HP 8941 DA convener for hatf-scale dittier 
and undithered modes of operation _ The third-harmonic distortiop is signiftcanity 
improved by the large-scale dithering. 

Manfred Sam 

Customer Support Engineering Mar^afer 

Lake Stevens Instrument Divismn 



The source is composed of two assemblies: a digital source 
assembly and aii analog source assembly. Tlie digital source 
assembly contains a ■^2K-samplc complex (real and imagi- 
nary) waveform memory Iniffer. a pseudorandom noise gen- 
erator, and the same digital LO/DF cliipset dial is used m die 
fronl-etid receiver sectioiv The digital sotn^ce assembly 
creates a digital signal for the analog source assembly. The 
analog assembly contains a wavefonti DAC, a reconstruc- 
tion filter, dc offset circuiLiy, an oiUpul amphfier, lO-flB step 
attenuators, mul fi'ont-end calibrator circuitry. 

All source (.ititput signals are created digitally on \he digital 
source assembly. They are generated \ia the source sample 
RAM, the pseudorandom noise generatoj-, and the digital 
local oscillator 1C\ as shown in the block diagram. Fig. L 
The source signtil flow is esserttially the revenqe of die front- 
end receiver section. The signal padi starts with the source 
wavefomi memory, where the complex digital sigjials are 
stored to be fed into the real an<i hnaginary^ digit al inteti>ola- 
tion filters. The address generator t.cj the waveform RAM is 
either a linear counter or a pseudorandom noLse source. Tlie 
addreas counter is used with repetitive tjr single-block wave- 
forms such as periodic chirf> and user-fle lined soiirc*e types. 
The pseudorandom noise addressing met'hanism is used to 
generate noise outputs. The distribution of the random noise 
is delermitied by the wavefomi loaded into the source RAM. 
For example, if a Gaussian curve is loaded into the wave- 
form memory, the random s£impling of ttie curve by the 
pseudorandom noise address generator causes a Gaussian- 
distributed noise signal to l>e fed inttj the digital inteq:>ola- 
tion filters. The pseudorandom noise address generator is a 
maximal-length sequence that repeats itself appn>ximately 
every 6 hours at the full output sample rate of 25,6 MIIz, 

The tiigital mteii>olation filters are used to increase die input 
( waveform ) samjile iat(> by a fa(*tor of 2^\ where N is tu o- 
graitiniable from to 23. Since the output UAV s7u\\[iU^ rale is 
alu ays 25.*i MHz, the digitized waveform store in the source 
HAM can have an effective sample rale as low as 3.05 Hz, 
This allfjws the HP 894 lOA to ha%e extremely low-fn^tjuenry 
waveforms atid ver>^ large effective block sizes even Eluiugii 



the waveform RAM is only 32 K samples long. Also, since the 
DAC runs at one sample rate, oiUy one reconstruction filter 
is needed. 

The complex intense lated signals are routed into a digital LO 
chip where they are mixed from dc to any center frequency 
up to It) MHz, By vTJiue i>f I his complex mixing operation, 
the resultant output signal has a real two-sidetl spectnim 
around the positive and negative LO frequencies. In tids op- 
eration, or ''mooz" mode, the ouff>Ltt is y = Re(xeJ"*'), where x 
Ls the input, Re represents the real pari of the numl^er in the 
braces, and lo - 2jtfi ^ >. This frequeiicy ininslation causes the 
source's (ompiex wavefomi signal at frequency fj], to appear 
at the outjjut frt^iucncy f^jj = fj^, + fy). 

The reaJ digital source signal y is then converted into an 
analog wavefomi by a 12-bit DAC nmning at 2^.6 MHz. Tlie 
n'txJtist mction filter follows the output of the DAC, limiting 
thf bandwidth of the signd to 10 MHz while correcting for 
die sin{ujt/2)/{tjjt/2) rolloff resulting from the zero-order hold 
effed of the DAC. Tlie reconstmcte(i signal Ls then sumn^^ 
with the output of a tic oft set DA(/ and the result is buffered 
with a 2tklB-gain <iulput aniplifier. Tlie amplified signal gfx^ 
through I he attenuator section to provide coarse control of 
die source level before being output on the front-panel 
source BNC. 

IVigger 

The FIP 894 lOA pro^4des very flexible triggering modes to 
supi>oi1 comi>lex measurements. The HP 894 lOA can trigger 
from foui' Sf vurees: the external front -t><uicl trigger input, 
either input clKUvnel, or die internal source bl<K k start signal. 
Tlie I rigger level ^uid slope art* user-tlefniable. The trigger 
can be controlled by an external ami signal oti the reai- 
panel ami BNC connector, Pretrigger and post-trigger delay 
and arm delay are available. 

Tlie HP B94 lOA has a sample rate of 25.6 MHz. Wit h a 
lO-MHz input signal, up to 140.6 degree.s of signal am be 
missed wtule waiting for the nt^xt sample time after a trigger 
condition is met. This amount of unceilairity would negate 
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the phase infonnation that is so useful Rjr many measyre- 
nients. The «i)liili<in is lo nieasure the i.>ar1iiil sample tmie. 
Tlve time belween the oceurrence DflJie trig^rr eontlitions 
aiiti the next stmiplc [joint is metisuietl ami used tu curieet 
the sampled data. A pulse stajts when the trigger conditifms 
aje fulilUed and ends when two sample points have been 
taken. The pulse charges a eapacitor at a fjisl rale. Wliet^ the 
pulse eiuls, tht* capacitor is discharged al a slower i*ale. Tlie 
fast charge rate is about 731 times the slow charge rate. This 
effectively stretches the pulse by a factor of 711 . 

This strek'hed pulse gatt^s a coimter nmning ai 6.4 Ml Li. 
When the stretched pulse ends, 10 bits of pulse length infor- 
mation is available for the software to use for corrections. 
The conllguration gives a resi:>lution of 214 picosec:ondSj or 
0.77 degree of a tO-MIlz input signal. 

Daring a ealibration cycle, the |>an ial sample generator Is 
calibrated by generating sine waves of kno\^'n phase rela- 
tionship to the sample clock ami rnettsming ihv resulting 
t^anial sample values. This lias slujwn !he cincuitry to have 
good lineailty mid repeatability. 

Frequency Reference 

The specifications of the HP 89410 A require a clean, low- 
noise reference oscillator capable of locking to a cuslornc^r- 
suijplied signal or' oven oscillator Previous FFf analyzeis 
tlon't .share Ibis reQairenienl because their sample rates are 
Muich lower than their crystal oscillator clock hTquencies, 
For exmriple. ilie HI' :56f>70A dynamic signal ati;ily/.er dejives 
its 2i)Z-kHz Sim>ple rate from a 4()-MHz crystal oscillaton llus 
150:1 ratio results in a 43-d B noise t eduction. This approaeh 
has the effect of buiying mediocre reference ppiformance 
under the input noise floor. 

Since the HP 8941 OA samples at a much higher rate than 
previoiis-generatJori analy^^ers, a different apiiroacli tiad to 
be taken. The design is modeled after the SO-MHit reference 
developeci for the HP 35B8A, a hyl>rid FFT^an^ilog swept 
spectrum aniilyzer." Tlie key components of this design are a 
clean sampling phase detector and oscillator."^ The HP 
8941t)A reference is a cr^^stal -control led VCO nmning at 51.2 
MHz tuned by a phiise detector sampling at 4(K) kHz, The 
exienuil lock signal is divided down by 25 so lluit a lU-MHz 
lock signal becomes 400 kHz. The sami>Ung phase delect or 



Olter is tuned to allow lockuig dowTi to a l-MIlz lock input. 
The r3L2-MH^ signal is divided by 2 mid routed to all l>oards 
in the instnnnent in quadrature. The quadrature^ signal is 
dcveloijcd by inveiting aiid delaying by 10 nanoseconds. The 
!0-ns delay cillows the data Imes to settle before latching. 

Anotlier board locks a 16-MHz crystal oseillatx^r to Uie refer- 
ence and producers 48, M, and 80 MHz. These signals are sent 
to other boards mid use<! ff>r CRT DSP, t PI ', and system Ims 
clocks. Ha\ii"ig all clocks in the inslruinenl phase locked al- 
lowed the design team to iocale mid address Vixed crosstalk- 
induced spmious signals r'aiher than s])urious intmts that 
<trift and hide. 

Ac kn o w le d^neats 

Many people contributed to the success of the HP 89410 A 
hardware development. Key members of the design team 
inclnded j>roject manager i^aiiy Mi at ley Glen Purely. Jim 
CatUhorii, Moots li, Dan Fonnne, Iniia Liim, diarlie Panek. 
mid Rusty Ames, mecbmiical designt^n Don Hiller is recog- 
nized for his help with the initial ADC investigation. Early 
pnninciion engineering test sujiport from Jeanne Atkinson 
and Roy Hm1 well helped smooth die introduction r*f the 
prodncL Many hour^ of overtime were c-ontributed by prrj]- 
pel jimis adniinLstraior Re nee Slocumb and by Da\id Jeglmn 
for \ endor relations and buyer support. Throughout the [iro- 
totype development the design team relied heavily on tech- 
nician suppoit lron\ Bruce Beyer. C'oUn Ericksun, arul Russ 
Mitc^hell. Printed cucuit layoul support wtis provided by Jeff 
iVnyan, Liivonne Fogel Allyson Riley. Natalie Schuchatxi, 
and Steve While. Without the contrit)Utl<ms and efforts of 
these peopb the project, would not have acMeved as great a 
success. 
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RF Vector Signal Analyzer Hardware 
Design 

Based on the HP 8941 OA baseband vector signal analyzer, tJie HP 89440A 
RF vector signal analyzer extends the frequency range of both receiver and 
source to 1.8 GHz with a 7-MH2 information bandwidth. All of the vector 
capabilities of the 1 0-MHz baseband instrument (up to a 7-MHz information 
bandwidth) can be translated to any frequency from to 1 .8 GHz, 

by Robert T. Cutler, William J, Ginder, Hmothy L. Hmstrom, Kevin L. Jolmson, Roy L, Mason, 
and James Pietsch 



The HP 89440A radio frequency (RF) vector signal analyzer 
consists of two components. The finst is the HP 894 IDA in- 
tennerliate frequency (TPJ section, which is identicaJ to the 
HP 8,941 OA lO-MHz baseband vector signal analyser descilbed 
in the aiticle on pajt^e 31. Tlie second componenr is the IIP 
S9440A RF section, which extends I he vector signal ajiaJysis 
capabilities of tlie baseb^md analyzer to RF frequencies. This 
article concentrates on the RF section. 

Tlie 1.8-GH7, HV section contains a triple-conversion hetero- 
dyned receiver, a source that mirrors Oie receix^er, a local 
oscillator, frequency references, and dedicated proce.ssur 
controL The block rliagnun is shoiMi in Fig, L Several aspects 
of the design tjifrereiitiate it from tradiiioiml FJP^ analyzers: 

• The RF secdon niaintiiins an 8-Mi4z IF bitndwidth designed 
for good flatness. However, in a vector signal analyzer both 
aniplihide aiui phase ac^ciiracy are veiy intportant, so sopJils- 
ticaled vector IF calibrations were deveiopctl. 

• T^ne-rrns pow-er detection and excellciit ajnplitude accuracy 
combine for a powerful mciisiuement capabiliiy. 

• A local oscillator (LO) feedtiirougli cmicellation circuit 
improves the LO feedthrongh substantially, preserving 
dyjianiic range at low input fretpencies. 

• The RF locai oscillator is not constrained to provide fine 
frequency resolution. (The ba'sebajid section provides that 
with its digital LOs). This degree of freedom had sigiiificant 
impact on design efficiency imd developniejif lime. 

• The RFsoiuce has all the capabilities of tlu^ baseband 
source, including sinusoid, pseudorandom, chirp, and arbi- 
trary waveform source types, but trajislated to RF frequen- 
cies as liigh as 1.8 GHz. 'fhis provides an excellent value to 
users who neetl a flexible source at RF frequencies. 

• Develojjmerit time was a lop priority. New methods were 
developed to maintain design flexibility and reduce risk. For 
example, receiver, source, and LO "plates'" featuring RF 
coaxial \ias were develo|>etl — a low-cost sohnion tliat also 
rcfluccd technical risk by flistributingmid isolating criticiil 
blocks. Extensive RF and microw^avT' simulations using the 
HP Microwave Design System (MDS) greatly improved 
tum-on rates and ehniinated a prototype cycle. 

Reteiver 

The HP 8944()A RF section receiver i.s a triple-conversion 
down-converter with a TiO^jiun input imtK ikmce. It translates 



signals with a maximum 8-MILt bandwidth between 2 MHz 
and 1.8 GHz to a final IF centered at 6 MHz with a b^uid- 
width of 8 MHz. The G-MHz IF output is comiected directly 
to the ii^put of the HP 89440A IF section. The IF section sup- 
plies a signal to calibrate the IF Olten; and amplifiers of die 
RF section receiver The fretiuency response of the 2-MHz- 
to-L8-GHz input is calibrated at I be factory and stored in 
nonvolatile meru<iry. The receiver is a conventional up/down 
converter with the first EF centered at 2.446 GHz followed 
by a down-conversion to an EF centered ai 4t^ iVllIz. Tlie final 
IF is centered at fi MHz and provides gmn mwl a bulTered out- 
put to the IF section. 

Conv entional swept M|jectnim analyzers use a log detector, 
wliich produces a signal proportional to the logaiithm of the 
power at tiie detector mput. The injntt powder is a funclion of 
the resolution bandwidth when noise is the dominant input, 
and Ls a funt i ion of the levri of the input signaJ otherwise. In 
either case, log detect <ji"s ha\T only 80 to 90 dB of usable 
dynamic range. Therefore, a variable-gaitt am|>lifier may 
precede the Ifjg detector to increase or decre^.se the injjul 
level so that h falls within the d.vnamir range <jr the detector 
By contrast, there is no variable IF' gain in tlu- HP 8tJ440A RF 
section receiver with the excepfion of a gain actiustment, and 
a l"dB gain step in the fmal f>MHz IF Tliis TdB gciin step is 
Hi^eil H ilh the 2-iiB in|>ul range steps in the IF' section re- 
ceiver to compensate for lenii)erature deperulent gain varia- 
tions hi the tlnree IFs of the RF section. The detector in the 
IF section is an analog'to-digttal converter (ADC) with a 
dynamic range of lifj dB (the ratio of the fulLscale input 
power to the noise power in a Mlz bandwidib). The signal- 
to-noise ratio (SNR) of the RF section is approximately 120 
dB (the ratio of the maximum input for a 70-dB distortion- 
free dynamic r-ange to the noise power in a 1-Hz band with h). 
The receiver's distortion-free dynamii^ range and noise fig- 
ure are dominateti by the j>erf on nance of I be first converter 
and first \K Adding v^mable gain beyond tliese stages 
chiinges only the signal level lait not die SNR. As a result, 
variafjle IF gain offers no improvement in dynamic rimge. 
The a^er only needs to c<in!rf)l the input level to the first 
mixer, which is accompliiiiietl witli an input step attenuator 
preceding the first mixer. 
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Fig. 1. tieneral block diagram of the HP 8944<i \ \i[-' svt lion. 



The HP 89440A has one acidirional feature not found in 
traditional swepi ai^alyscers. A feeti-for\^ aid LO feedthrougii 
nulling circniit hivA been added to redute the level of LO 
feedihrough in The tii-sl IF. Beyond tlie second converter^ the 
second-IF filters remove tlie feedthrougii temi. IMthottl this 
LO feedtjirough nniling, LO feedtiirtJUgh referred to the inpu! 
could be 20 rlB higher than a full-scale input signal This 



could result in residual responses and increased second- 
harmonic dLslordou at input frequencies below 15 MIIz. 

Cyajiate Ester Prmted Circuit Boards 

Tlie input, attenuator and several other HF receiver, LO, and 
RF source boards that operate at frequencies beyond I Gliz 
use cyanate e^ter printed circuit boaid material. Cyanate 
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ester was chosen in place of the standard glass epoxy 
printed circuit board (HP FR4 ) because of its lower loss 
tangent, which results in lower losses in the board. The di- 
electric constant of c>^anate e^ter is 4.0 at 2 GHz while gla^ 
epoxy is typically specified al 4Jx Ail cyanate ester boards 
in Tlie RF section me 0.030 inch thick rather than the stan- 
dard D.CWK) inch. The thinner printed circuit board material 
has two advantages. Many recei\'er, LC), and source boards 
in the RF section tise surface mount parts with niicrostrip 
cortstruction. With tlie thinner printed circuit tmard material, 
ground \ias are shortened by 0,030 inch, reducing parasitic 
inductance in surface mount, components needing a return 
to ground, hi addition, microstrip transmission lities are 
narrower. A 5()K>hni microstrip transmission luie is nominally 
0.060 mch wide oti the 0.030-inch printed circuit botird mate- 
rial wtiile the sajtie line on O.OBO-inch piinted circuit board is 
OJIO inch wide. The disadvantage of 0.030-inch printed cir- 
ctiit board is less rigidily. However, all of the cyanate c-ster 
boaids are mounteti on "plates'* and are well supported fsee 
"Microwave Plate Assembly** on page 50). 

Attenuator 

The main signal path of the HP S9440A RF section stiu-ts 
with a step atreruialor assembly r!iat provides to 55 dB of 
attenuation in 5-dB steps and is followed by the first con- 
verter. The step attenuator has aji ii^put for a calibration 
signal jfrom the HP 89410A, a mode to terminate the ttser 
input diulng calibration, and a bypass mode to byjiass the 
RF section. The bypass path connects the RF section re- 
ceive i^ ittput connector directly to the IF section receiver 
input for frequencies below 2 MHz. 

First Conversion 

Folluwing the input attenuator is the first converter hiput 
signals are converted to an IF centered at 2.44G GHz. The 
fu-st. mixer is a variajit of the single-balaitced desigti used in 
the HP 8590B spedrum analyzer It Is preceded by a 15- 
sec! ion low-pass filter with a cutofi' frequency of LB GHz. 
Tlie input low-pass llher eliminates inpttt image frequeriries 
(4,89 GHz to 6.69 GHz) as well as spurious components 
(spurs) resulting from (HJl-iir-fjand inputs. The fnst-converter 
LO supplies a 20-dBm sigrial between 2.452 GHz m\d 4.242 
GIU, which is attenuated liy 'J dB at the LO tjort of the mixer 
to improve match. Following the mixer is a microstrip direc- 
tional coupler, where tlie LO leedthrough ciuicellation signal 
is iiUroduced. This is followed by a diplexer and a AJyGllz 
low-piiss filter (not sho\^ii in Fig. 1) to eliminate mixer prod- 
ucts iuxd LO harmonics which can produce residual re- 
sportses when mixed with the LO of the second converter. 
Tlie entile mixer is built on DuroicI board (Rogers Corpora- 
tion J which lias a dielecbic rormtaju of 2.33 ±0.05 and a loss 
tangent of 0.001 at 1 GHz. Tlie boaid thickness and dielec^ 
trie constant are tightly specified so tiiat printed circuit 
board microwave filters, couplers, and transmission hnes 
with repeatable performance c^m be produce(i, Karly in the 
design it was recognized that skin effect losses in the input 
attenuator imd the input low-pass filter preceding tlie first 
mixer would result in frequeiK^v dependent loss tliat is about 
4 clB at 1.8 GHz. This unfiariu'ss can be calibrated and re- 
moved, but it result s in a displayed luj^ise floor thai is unflai, 
and it reduces the elfeclive ctynamic range f jf the ADC by 4 
dB. An amplitude ettutilizer (not sliown in Fig. 1 J was added 



between the attenuator and Ihe input low-pass filter to ehml- 

nate diis eJTect- This has the added benefit of reducing the 
level of multiple tones in the first IF at low input frequen- 
cies. Multiple tones are present because the sum and tliffer- 
ence products and the LO feedthrough are only separated by 
the input frequency and are not eliminated by the flrsi IF 
filter if the input frequency is low. 

The equalizer the input low-pass filter, the 4.5 GHz bw^ass 
filter, and the diplexer were designed using MDS. The mixer 
conversion loss was also simulated with ^U)S and the mea- 
sured results were in excellent agrt^ement Mitji the simulated 
results, MDS eliminated at least one design turn of the 
printed circuit boards. 

Tlie diplexer (a tra\*eling-wave directional filter) folloi;\1ng 
the first mixer is a stnpline design that terminates the first 
mixer IF output in 50 ohms at all fteqiienties. It has a band- 
pass frequency response that reduces the mbter sum product 
at the first IF amplifier The diplexer is implemented wirh 
two 8.5hJB striphne couplers and two quarter wavelength 
coupling arms. The insertion loss at 2.446 GHz is less than 
1.5 dB and the SniB bandwidth is 150 MHz. The conversion 
loss from the input attenuator to the 2.446-GHz IF output of 
thp fnst mixer boarrl is typically 14 dB, 

LO Feedthrough CanceUation 

Without c^mceOation. LO leedUirough referred to the input is 
typically -10 dBm wliile the maximum input (0 dB input 
attenuator) is -^iO dBm for 70 dB of distortion^free dynamic 
range. LO feedthrough cancellation reduces the LO feed- 
through at the Ilrsl IF amplifier by more than 20 dB. A sant- 
pled LO signal at I iie input of the LO (lort of the first mixer is 
amplified and split with a quarlrature hybrid. At the output 
of the quadrature hybrid aie two equd-inagnitude signals 
that tiave a phase difference of 90 degrees, Each of these 
outputs drives the LO jjort of a double-balanced mixer con- 
figured as a current -eon I rolled attenuator. The mixer IF 
Ijorts are chiven by separate current sources capable of 
sourcing or sinking ujj to 6 ntA of current with Lf.iA resolu- 
tion. Tiu^ signals from the mixer RF ports are summed by a 
Wilkinson combiner whose uutinit is cou[>led into the IF 
poit of the first mixer with a 14-dB microstrip coupler. Dur- 
ing calibration of the RF section, the IF section adjusts each 
currcfU source to produce a signal equal in magnitude and 
rjp|)osite in sign to that oi' the LO feedthrough at the IF port.. 
The use of Quadrature signals in tiie LO feedthrouj^h can- 
cellation circuitiy' reduces tlie hiteraction between the mo 
current source controls so that ideally they are independent 
if the two signals are in perfect quadrature, 

Fhrst IF 

Follo\^ing \\\v first converter assembly are two cascaded 
low-noise GaAs MMIC (microwave monohthic integrated 
circuit) amplifiers which have a combined noise fii^ure of 
5 dB. a gain of 14 dB and an ourptu, third-order inlercept^= 
greater than 25 dBm. These amt)lifiers must be able to han- 
dle all mixer products leading the first conversion assembly 
including LO feedtlirough mul botli the sum and tlifference 
tlrst-mixer products. Higher-order nuxer products as well as 

' Third-order miarcept (s the thBoreticisf signal tavei at which tha turda mental and the third-or- 
dsrdistafTionareatjual, 
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Microwave Plate Assembly 

A! the mcepiion of the HP 89440A RF vector signal analyser pfOjeEl; [t was known 
that the packaging technology used tor the bigh-freqyencv portions of the analyzer 
circuitry would play an important role in the overall pertormance of the instrument 
A number of packaging techniques were considered, including the conventional 
approach of independently packaged circurts connected wjih semirigid cable 
assemblres. Given the overall goals of shielding effectiveness, ease of assembly, 
and reJatively low cost, it was decided tn try somethinc] different The high 'frequency 
n>icrav^ave piate assembly packaging scheme that evolved for the HP B9440A 
saiisfies these goals, pfovides goad flexibiiity for integrating other functionafity, 
and piovides a physical suppori structure for the individual modules. There are 
three such microwave plate assemblies !n the HP 89440 A: the RF source, the RF 
receiver, and the local oscillator 

Hie physics] implementation of the packaging scheme is rather simple [see Rg. i \ 
Printed circust assemblies are mounted with screws to the faces of a 0.375-inch- 
thick alum in ym plate. Assemblies thai require RF electrical interconnection on a 
giver microwave plate assembly are mounted on opposite sides of the plate. Tlie 
RF connection is supplied through a hole in the plate into which a conductor pin 
and an insulator are inserted A 50-Ghm characteristic impedance is maintained 
through the hofe in the plate by sizing the diameters of the hole and the pin ac- 
cording to the dielectric constant of the insulator jPTFE). A microstrip -to-coaxial 
transjtfon is fanned as the conductor pin is soldered into a tiole at the end of a 
microstrip on the printed circuit board Good local ground contact at the transition 
is maintained by a multifingered ground ring that is seated in a shallow counter- 
bore m the plate and js in contact with the printed circuit board ground plane at 
the pefimeter of the hole. Two screws located near the ho.le secure the printed 
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circuit board to the plate and guarantee thai the fingers of the ground ring are 
compressed. Good return toss is achieved with this interconnect solution for fre* 
quencies up to and beyond S GH:. A low-pass filter version of the conductor pin 
was developed that is physically intefchangeat>le with the standard pin to sup- 
press transmission of higher-frequency interfering signals S greater than 5 GH;) if 
required Compared to the conventional approach, this method of RF interconnec- 
tion reduces the numher of ej(pensive RF connectors and cable assemblies re- 
quired When shielding of the individual printed circuit assemblies is requirett, a 
shield can is screwed down aver the assembly. The aluminum plate acts as the 
si)sth wafl of the shield can. A good RF seal is provided by conductive elastomer 
gasket matenal in the lip of the shield can For some assemblies, shieJd-can reso- 
nances present a problem. Poly iron is fixed to the top of the shrefd can to suppress 
the resonances m those cases Oc power is supplied to the shielded assemblies 
with standard screw-in feedthrough capacitors, The feedthroughs do an excellent 
job of preventing RF leakage into or out of the shielded assemblies. 

Ffe^jibiiiry IS provided by the packaging scheme to allow mounting of different 
types of devices onto the plates. For instance, several coupled coaxial resonator 
filters are used in the HP 89440A These tillers incorporate the plate into their 
design The filter housmg \s screwed to the plate, which functions as the cover for 
the filter. Input and output coupling rods used in the filters are integrated with 
printed circuit board launches as described above to provide a connectorless 
interface between the filter and a printed circuit board. A significant cost saving 
wa^s realised on these filters as a result of this design. 

Additional functional ily is included in the plate design in the form of features 
milled into the plate, An example is shielding compartments to isoEate the individ- 
ual sections of the step attenuators in the RF receiver and the RF source, The step 
attenuator printed circuit assemblies are screwed down to the shielding structures 
milled into the plate. 

Certam aspects of the printed circuit board designs are optrmized tor use with the 
microwave plate packaging scheme. Coaxial-to-microsirip launch geometries are 
optimized for best return toss The side of the printed circuit board toward the 
plate IS mostly ground plane, tin plating is used instead of SMOBC-HAL [solder 
mask on bare copper — hot air leveled) to ensure that the board fits flat onto the 
plate Far connection to other modules, printed circuit boards have bulkhead- 
mount SMA connectors soldered to the ground plane side. Each connector is 
pushed through a counterbored hole in the plate and its mounting nut is installed 
Conductor pin geometry and screw hole locations were chosen so that a standard 
flange-mount SfVIA connector can be used to perform measurements on the 
individual printed circuit assemblies. 

This high-frequency packagpng approach is attractive for low-volume instruments, 
Unit cost IS relatively low and minimal tooling charges are incurred. 

Roy L Mason 

Development Engmeer 

Lake Stevens Instrument Division 



LO harmonics are removetl by \be 4.5-(jHz low-pass Hitter on 
the first conversion assembly. The sum arid difference prod- 
ucts are aniplified by this boaid. mid the third-order two- 
tone distortion products resuTtiiig front tliese tones appear 
as thircMianiionic" thstortion to the user. At input frequencies 
above 60 MHz the diplexer reduces the sum tone by 6 dB at 
the input to iJie ftrst IF mitplifler, so the tliird-ortier ilistortion 
produced in the first IP is a concern only at low input fre- 
tiueticies. Following the fi rst- IF am ph fie rs is a four-section 
coaxial filter wiUi a 17-MHk handwidtli and an iitsertion loss 
less than 3 dB. This niter has a renter frctiuency of 2, 146 GHz 
and greater thaji SOtlB oF injection at tite image rrequeuey 
of 2.358 GHz. 



Second Conversion and IF 

Following the first IF filter is the second converter assembly 
which down-converts the 2.44G-GHx IP to the second IF cen- 
tereci at 46 MHz. The serond LC ) Is a 2.4-GHz signal supplied 
by the reference. It is amplified to 10 i\Bn\ filtered by a two- 
section (Tinibline filter to eUininate any sidebmids at 50 MHz, 
attd then ani]fiLlied to 13 dBm before application to tlte sec- 
ond mixer LO port through a 3-dB attenuator. The 46-MHz IF 
output of the seconti mixer is amplified by a low-noise imi- 
plifier, resulting in a signal level eqtiaJ lo that of the inptit 
signal (-;30 rlBm fiilJ-scale). The noise figure at this point is 
nominally 23 tlB. Folk) wing t he second ctjuveiier arc tliree 
identical cascaded second-IF filter assemhJies implemented 
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with capacitiveJy coupled resonators. The filter dadgn is 
based on a Tciiehythev filter with 0.1 dB of ripple. The filler 
is pnedistorted aiid iias an insertion loss or4 dB, The filler 
has a minnnum rejection of 27 (IB at 38 MHz (edge of the 
third-conversion image band), so the three cascaded stages 
have a mininuim of SO dB of rejecfion. So t!iat each filter 
board will have a nominal gain of dB a low-noise amplifier 
precerles each filter. Three identical filters were chosen over 
a desi^i in which the entire filter resided on a .single board. 
A single-boaid design would require shielding between sec- 
tions of the filter ajid ;iiignment of the filter would reciiiire a 
complex actjustmeni pro*"edure. Using smaller identical 
boards, ihe alignment procedure is identical for each board 
and simplified by the fact t-hat there are only four sections to 
adjtist. Shielding is provirled by the walls of the card nest in 
which the Ijoards reside. The three cascaded filters have a 
lUlB liand width <*f 8.5 MIlz and a combined peak-to-peak 
ripple less th*it) 1.2 dB. 

Third Conversion 

The liruil stage of the RF section receiver is tJie Ihird- 
converter assembly which Ininslates the 46-^11^ second IF 
to tJie final IF centered at 6 MIlz. A KJ-MHii LO is pro\1dec! 
by the referet\ce at 3 dBm. Following the conversion are two 
^^Idehajul operational amplifiers, which j^rovide thi- final 
gain and l>uffeiing before the signed is sent to llie IFsetlion. 
There is a 1-dB gain step that can be switclied by the IF sec- 
tion and a maiiual gain actjustmenl to compensate for nonnaJ 
gain variance in the manufacturing process. 

Local Oscillator 

Since the IF section has the ability to tune witli millihertz 
resolutiott to any frequency within its dc-to-10-MMz input 
bandwidth, the L<3 for tlie RF sect ion does not have to repli- 
i'^tv tJiis function. The RF sectioti down-converts the 
ISOO-MHz inpttt span to within the frequency range of the IF 
section and tiie ilis^ilal LO tunc,s to the desired center fre- 
quency. In t rad it i final spertnim analyztM-s, niuhiIo<Jt) LOs are 
ilesigned to realize milliheitz resolution. Multiloop designs 
mean at least tl\ree phase-locked loops in the main LO. The 
step loop tirovldes coai^e fieqnency resolution over a wide 
rattge of frequencies. The inten>^>l<^tion loop tmies across a 
Oiirrow span Inil with high frequency resohjiion. The .sum 
loop combines the outputs of liie two looijs. In contrast, the 
HP 89440A RF section has a single-loop LO that times in 
1-MHz steps. The elimination of the sum and inteipolaiion 
loops means signiOt^ant savings in conqilexity ^md reduced 
development risk within the W section of the HP 89440A. 
This trade-off Is not without consequence because a coarse 
LO resolution reduces the analysis Ijandwidth of the insti'u- 
ment. The IF bajidwidth of the receiver chain suptiorts an 
8-MHz analysis bandwidth lujt an arbitriuy center frequency 
at the input can only be placed withm ±0.5 MHz of the IF 
center freqitency because of the step size of the LO. Hence, 
for an JU"l>i(i'ar>^ center frequency the 8-MHz IF btuulwidtli is 
reduced to a 7-MHz maximum analysis bandwidth. 

The frequency range tif the L( ) in the RF section hcisically 
starts at the first IF frequency and tmies to a frequency 1.8 
GHz above that A commercial YIG (yttrium iron garnet) 
oscillator was selected to cover 2.4 to 1.3 GHz. The nutfjut 
of the YIQ oscillator gtjes to Iha LU distribution atuplifler 



and is also fed back to the synthesizer phase-locked loop 
(see Fig. 2). 

Since the output frequencies in\"olved are beyond the reach 
of programmable counters, the feedback path includes a 
dowTeconversion stage. The LO frequency range of 2.452 to 
4.242 GHz is do^im-con verted with one of three offsets (2.4. 
:ifl, or •^X^ GHz). The offeet frequency is chosen to pnxluce a 
down-converted signal herween 42 and (542 MHz. which is 
within ihe range of the EF section prognimmable counter. 

The value of the programmable counter (N) is ciiosen to 
divide the counter input frequency do^in to 1 MHz (N = 42 to 
642). The output of the divider is phase-detected against a 
i-MHz signal tierived from the 4()-MHz reference. Tilts estab- 
lishes the LMHz step size for the LO. Tlie sign of the phase- 
locked loop must be switchahle because the YIG oscillator 
tunes above and below the offset, frequencies. The sign is 
s\\itched by swapping the reference and feedback signals at 
the phase detecion 

To compensafe for the wide range of the loop gain (because 
N ranges from 42 to 642). a pn^gnmmiable gain block \\ith 
25-dB gain variation is added to tlie loop. Fmally a DAC- 
driven coarse inning signal is used to steer the YIG oscillator 
into the lock range. 

The LO is distributed across lour printed circuit. boaj*ds and 
one microwave plate assembly. The circuit boards contain 
the 60fl-MHz reference, the 4()-MHz reference, the fre<iuency 
counter, the phtise detector, and tlie YIG driver. The circuits 
on the microwave plate aie fabricated with cyanate ester 
printed circuit boarils anil include the frequericy multipliers 
ajid the Iflf » down-txanersion- 

LO Distribution 

The LO distribution amplifier i.s luillt around a packaged 
GaAs MMIC arvtpliller designed by HI*s Microwave Te<^hnol- 
ogv Divi.sion. Tliis amplitier has dual outputs which are used 
to supply the LO signal to both the RF receiver and the RF 
source sections. 

LO Offsets 

The tliree offset frequencies (2.4. 3.0, and 3.6 GHz) <iw gen- 
erated by nniitiplying (iOO MHz by integer values. Tlie 61)0 
MHz cojues oiUo the LO microwave plate assembly and is 
split to provide signals for botli the offset multit)lieni5 ;ind the 
si^conci'LO multipliers. P-i-n diode switches select tiie path 
to the activated offset nmltiplier and each path has its own 
final stage of atnphfication before the mtiltiplien Schottky 
fiiodes are used as tiie liarmonic generating tlevices in each 
of the mulliphers. At tlie output of each multiplier is a two- 
section coaxial filter lo suppress the actjacent fiOO-MHz har- 
monic. The second LO (2.4 GHz) is generated in u similar 
manner 

YIG Down- Conversion 

Down<'onverHion Ls implemented witii a 7-tlBm microwave 
niixen Bi^cause of the low level signals involved and the 
wide frequency sjjan (jf Ihe output [F (10 MHz to 700 MHz), 
tlie noise ngtu-e of tlie poslconv€Tsion iunfjlifler is import^uit. 
The broadimnd noise within Ihe 700-Mllzspan is sajnt>led 
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down by the cUgitaJ di\ideis (101og[700 miz/l JVOIz] = 28.5 dB 
noise gain) and can contribute to the phase noise pedestal. 

10-Bit UHF Counter 

A lO-hit counter is re<|uired to accotnii\odaie ail integer tlivide 
numbers from 42 lo (>42. Since higli-speed commercial counl- 
ers aie limited to 8 bits, a pro[>rietar>' coimter circuit was 
developed using ECL integrated circuits. Tlus impleinciita- 
tion allows the use of inexpensive commercial components 
to achieve niaximimi coimt frequencies of over 700 MHz, 
whereas standard design iniplementaLions only permit a 
500-MHz maximum input frequency. This improvement was 
critical in realizing tlic design efficiency of the LO block 
diagram. 

YIG Drivers and Tuning 

The YIG oscillator iias a main coil for coarse timing and an 

FM coil for locking the phase-locked loop. Both coils ai-e 

driven by valtagc-to-i:'un em conxeners and higivcurrent 

drivers. 



The main coil is controlled by a 12-bit DAC, providing better 
tl\an 1-MHz frequency rt^solution. Because of the extremely 
liigh gain of the main coil (20 UIlz/A), noise fdters are re- 
quired. Ordinarily this would signincanlly affect LO switch- 
ing time, so a speed-up circ nil was designetl lo pre charge 
the filter elements to their final values, greatly impro\ing 
settling time. 

The main coil tolerance is f£ir too large for the available FM 
coil tuning nmge, so an autotuaUc VI G tuning calibration is 
perfonned periodi<'ally, initiated by the instnuuent Lalihra- 
tion timer Tlus improves tile absolute acci^uacy of the main 
ccjil ft om ±400 MHz to ±2 MHx. 

Frequency References 

The 600-MHz reference is the source for die offset frequen- 
cies, the second LO. and the third LO (40 MHz). It is based 
on a phase-locked 000-MHz SAW (suriace acoustic wave) 
oscillaton it is designed so that it does not contribute to the 
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LO sj^teiTi phase noise. The loop is locked to the 40-MHz 
reference. 

The 4D-MHz reference provides siibharmonic f l-MHz. 2-MIIz, 
:>MIIz, 10-MHz) reference locking for the instrument and 
acts as a cleanup loop for the user's external reference, if 
present. It contains a 40-MHz ^^oltage-controlted cr>^sta] os- 
cillator and a phase-locked loop witli a sanipiing phase d^ 
tecior. hi the absence of a user-provided external reference, 
the reference locks to the interna] high-stabiiit^- ovenized 
10-MHz reference, 

TluB 10-MHz ovenixed reference is tlie widely used flP 
1081 1. which has ultralovv' phase noise and ejctreniely high 
tenipeiature stability. 

RF Source 

The HP S9440A has an optional RF source to provide stimu- 
lus signals for a variety of test pnqioses. Output signals pro- 
duced by the source aie in the 2'MHz-to-l-B-Gnz frequency 
latige when the insinmicnt is in the RF vect<:>r or demodula- 
tion modes. The HP S9440A is not a traditional swept ana- 
lyzer, so the source provides several signal types iia addition 
to tlie standard snie outpiit to satisfy various n^easiuement 
needs. Available HP Ht*4-h)A source output signal types are 
sine, chiip, pseudorandom noise, and aibitraiy (see '*A Versa- 
tile Tracking and Ar}>ilraiy Source" on page 54). One or more 
of these source types are available at baseband in most 
modes using the RF soiuce byi^ass path. Chirp or sine signal 
levels available from the RF source are +13 to -27 dBm. 

As shown in Fig. I, the source circuitry of the HP 89440A RF 
section is basically a fretjuency converter for the source 
output signal from the HP 89440A IF section. The circaitr>' 
that generates the IF seel ion source output signal is de- 
scrihed in the aitlcle on page 31. The soiu-ce signal originat- 
ing in die IF section is a chhp or noise signal centered at 6 
MHz, a sine wave between 2.5 and 9.5 MHz, or an arbitrary 
signd. In the RF section, this source signal is fed to the llrst 
conversion assembly, wlikh j'Tovides p^ut of the signal 
switching functionality t^J l),vi>ass the RF section source or 
to route a calibration signal to the receiver. Amplitude mod- 
ulation cii'cuitry allows the signal to be m(Klulated at a maxi- 
mum frequency of about 1 MHz. This t^an he usefuj for 
hnpressit\g certain types of synthronization signals on the 
RF source output signal. Tlie signal is then mixeci wi\h a 
40-MHz llxed signal from the RF section reference* to upcon- 
vert Jt to a 46-MHz IF center frequency. Following the first 
conversion assembly aie two cascaded 4(>MHz IF filter as- 
semhlies klentical to those used in tite RF receiver To ac- 
commodate the widehand noise jmd cliiri) signals from the 
IF section source, tiie IF bandwidth of tlie entire RF soiu-ce 
is approximately 8 MHz. This bancHvititli also fiic ilitates off- 
setting the fretiuency of sine waves up If^ 3.5 MHz from the 
tuned center^ fVetiuency. 

Tlie 46-MHz IF signal is passed to the second conversion 
assembly where it is again upconverted, this time to a 
2.i46-GHz IF ceiUer frequency, l>y a mixer whose LO |)ort is 
driven with 2.4 GHz. The fixed 2. l-GHz signal lo drive \hv 
second mixer originates in I he RF section referejice and is 
amplified by the set:ond-L(J aiu]:plLfier assembly located on 
the RF source assembly. Besides auiplificalion of the 
2.4"GHz signed, tfie second-LO atuplifier assembly provides 



reverse isolation to pi^event the source IF signals (particularly 
the 2.446-GHz IF) from leaking back through the 2.4-GHz LO 
dismbuuon circuitr>^ and into the receiver IF. If tiiis were to 
happen, receiver seasitivlty would be compromised when 
the source is functioning. 

Following the second mixer are two LF amplifiers. The out- 
put of the Uist IF amplifier l^'dves the assembly and goes to 
die 2.44t3-GHz second-IF filter This t(}ur-section coupled 
coaxial resonator bandpass filter has a 17- MHz bandwidtJi 
and is identical to the receiver IF filter. Tlie filter is required 
to pro\ide adequate rejection for tiie 2.4-GHz Lf) seccmd- 
mixer feedthrough and the mixer lower sideband product 
centered at 2,SM GHz while maintaining reasonable inser- 
tion loss. Physical lyt the filter is optimized to take advantage 
of the microwave plate packaging scheme wMch also helped 
minimize its ct^st (see ""Microwave Plate Assembly" on i^age 
5(1), The filter is tuned by at^usting four self-locking futiing 
elements using a sjmi>le, noniterative timing procedure, A 
tuning pon on the filter housing aids in tlie procedure. 

Alter the 2.446-0 Hz IF filter, additional IF amplification is 
provitled by two amplifier stages on the IF gain assembly 
Ijefore the signal is applied to die final conversion module. 
An existing HP Microwave Teclmology Division design^ the 
final conversion modiUc was leveraged because its function- 
aliiy is a good fit for the RF section somre. Tlie final conver- 
sion module uses a GaAs MMIC to mix the 2.44{>GHz IF 
signal with a variable LO signal of 2.452 to 4.242 GHz to pro- 
duce the baseband output signal, wliich is then apphed to a 
tlun-film low-pass filter. As in the case of the 2.4rGHz LO 
signal, sufficient isolation is needed in the variable-LO disn 
tnljution patii to the RF source to ensure I hat Lhe 2.446-GHz 
s^jince IF signal does not leak into the rf^ceiver IK Some 
reverse isolation is afforded hy a G^iAs M.MIC LO tlri\'er 
within the fmal com^ersion module, but tliis is insufficient by 
itself Atlditional isolation is sujjplied by the isolal ion ampli- 
Her stage located between the final conversion module LO 
input ;uid tht^ main LO distribution amtilifjer otitput A GaAs 
MMKJ output amplifier brings the signal hj (he proper output 
level. Anof her thin-fihn low [lass filter folh^ws the output 
ani()lirier The Gaj\s de\ices inside the final cf>nversioti mod- 
ule require their dc supplies to power \\p and jiower dowi^ in 
a prescribed sequence. Since the RF section main power 
supj>ly df>es nol provide tiie proper setjuencing, a lot*aJ 
power sui^ply assenihiy on the HF source accomplishes this 
along with vr)ltage regiilalion and t nrrent linnting for all of 
the final conversion assenU>ly dc supplies. 

A step attenuator assembly is located at the output of the 
llnai conversion assembly. Tlte step attenuator assembly 
applies 0, 10, 20, or ^iO clB of attenuation to the output signal 
for tunplitude corUrol. The IF sec tion pr(.mdes fine amjjli- 
tude controL An am]>Iitnde t?(tualizer on the stetJ attenuator 
assembly helps correct for roll-tiff in the finiU conversion 
assembly and the step attenuator assembly. A signal gener- 
ated in the IF sertion can be routed through the RF source 
swilching circuitty of the fii^st conversion assembly rUid the 
slej) attenuator assembly to tlit^ RF i(^cei\(^r inj)ul for re- 
ceiver IF calibration. The output of the RF som-ce can also 
be routed to tlie receiver input for calibration and leveling of 
the RF source output. Tlic RF source t^ircuiliy can he by- 
passeci so that the IF set lion stJurce output is available at 
the RF source oiitfiut comR^ctor. 
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A Versatile Tracking and Arbitrary Source 



The measurement power of the HP 8941 OA and 69440 A vector signal analyzers is 
greatly enhanced by the ircJuston nf a versatile sjgnal SDurce. Available ouiputs 
are two tracking signals — pseud oraniiom noi.se end periodic chirp — and two 
independent source types — sme and arbitrary. The circuits that generate these 
s^gnals are described in the accompanying article and in the article on page 31 . 

The pseydorandom noJse is generated with a se<|uence length of 2^^ - 1 samples, 

which is about six hours long in the widest span and proportionately longer as the 
span IS reduced. Its probability density function approximates a Gaussian probability 
density function to a width of at least ±3 standard deviations. These properties make 
It tunction like a true Gaussian random noise source lor virtually all applications, 

The periodic chirp is a swept sine wave that covers the span being measured by 

the receiver Because it is generated as a swept sine, it has relatively constant 
amplitude when observed in the time dornam, witii the exception of bandlirniting 
fitter ringing. As a result of being "flat" in the time domain, it is not absoiuteiy ftat 
when observed in the frequency domain. 

The arbitrary source uses time-domain data from a user-selected stored data 
register and reconstructs the waveform with the ongjnal span and center fre^ 
quency. The stored data can consist of measured waveforms, data generated on a 
computer and downloaded to the instrument, or the result of user math on either 
or both. The frequency of downloaded data is set by the headers that are loaded 
with it. This capability makes it simple to create, For example, an independent (not 
tracking] chirp source To record the chirp, the receiver is connected to the tracking 
chirp source and the fixed span and center frequency are chosen The time data is 
stored and is then available as an arbitrary source, at the chosen span, center 
frequency, and number of time points. It is worth noting that the arhitrary source 
data can he complex, that is, it can represent an l-Q {in-phase and quadrature! 
signal with the center frequency and span specified m the data register header 
information Thus it is easy to obtain data communications waveforms and other 
hard-io-produce stimulus waveforms as long es the time-length CDnstratnis are 
acceptable A number of these waveforms are included on a disk supplied with 
the instruments and can replace a number of external waveform generators 

Both the arbitrary source and the sine source can be placed anywhere within the 
Olo^l D-MHz HP 9941 OA frequency range and anywhere within 3 MH? (3 5 MH? 



for sinelof the HP B944DA center frequency in vector and demodulation measure- 
ment modes. The chirp and random sources are designed to cover the frequency 
range being measured when the mstrument is in the vector and demodulation 
modes. All Four of these source types are generated in hardware — and software 
m the case of chirp and arbitrary — that tu a great extent mirrors the sjynal pro- 
cessing m the receiver Fig, 1 on page 48 rllustrates this symmetry very clearly. The 
local oscillator jLO] frequencies and IF filter frequencies are all the same — the 
signal flow is simply in the opposite direction This is also seen in the IF section 
(see Fig. 1 on page 32). The digitaf-to-anatog converter IDAC) in the source per- 
forms the opposite function of the analog-to-digital converter jADCI in the re- 
ceiver. The lO-MHi reconstruction filter after the DAC suppresses atias compo- 
nents m a manner very much like the anti-alias filter preceding the ADC. One 
slight exception is that the source reconstruction filter contains additional peaking 
in the frequency domain to match the implicit sin|iiit/2)/tj.jty2 attenuation of the 
DAC. This difference anses because the aperture of the ADC is much narrower 
than the full sample width aperture of the DAC. 

Before the DAC. the source is also a mifror image of the receiver. The decimating 
digital filter and LO ICs are designed to work in reverse, forming a complex inter- 
polation filter. For the mdependent source types, the bandwidth and LO frequency 
of the .digital source hardware are set independently from those at the reeeivEC 

The source RAM contams the waveform to be output, but at baseband, before all 
the frequency translations of the upconversion chain. In the case of the sine 
source, this is simply a dc value — the upconversion shifts this 0-Hz signal to the 
frequency desired 

The chirp and arbitrary waveforms for the source RAM are computed in software 

To implement arbitrary source spans given the hxed hardware sample rates, re^ 
sampling must be performed, just as in the case of the receiver. The source resam- 
pling filter uses the same filter coefficients as the resampling hlter En the receiver. 

Far computatrona! srmplicity, this filter has an alias-protected bandwidth of only 
one fourth of its incoming sample rate. It is designetJ to operate with incoming 
samples that are two times oversampled in the time domain, that is, with an extra 
sample point interpolated between each pair of stored data register samples. 



The first conversion assembly aiid the I; wo lO-MIIz IF filter 
assemblies resirle in the cart! nest stnictm-e within the RF 
section. Tlie \v^\ oT tht^ IIF source ciicuitiy resides on the 
source tnicrowave pJate cissembly, which is a sup]jfji1, 
shielding and intercunnectiun sf met tire (see "Microwave 
Plate Assc^mbly" oti page 50), Tw'o-sided, 0.030-inch-iluck 
cyanat.e ester prij if ed i1r< uit homrl was used in the RP 
source because of its RF perronnaiice. 

Controller 

Tlte control of the RF section is vested in a resident 
Mot < HO la MC't38HCll Hiicrocontrollen which cuntrols the 
hardw^ire setup- communicates with the IF section \ia 
RS-232, stores H? S944()A calibration data in Hash memor>\ 
and progrmimtatically performs the YIG timing calibration- 
Calibration Contributions 

The HP 89440A is one of the most accurate RF mialyzere 
ever produced by Hewlett-Packmci, At room temperature, at 
any frequency within the 2-to-1800-Milz measurement b^md, 
and at any level from 70 dB below full scale to fidl scale, IIP 
894iOA level measurements are typically accurate within 
±0.0 dB. Level accuracy is impoitaivf because a vital applica- 
tion for the HP 89440A is true-rms iJ{.)A\'er measurements on 
c^omplex signtils. Since tiie HP 89440A is a vecNjr signal ana- 
lyzer, the relative pltase accm"a<:y (deviation from linear 



pliase) is also important. To make accurate vector measure- 
ments and perfonu accural e tltnno<iuUifion ofcoiTiplex sig- 
nals, the relative phttse over luirrtnv rierjuency spans must be 
accurate within a few tenths of a degree. This antphtude mul 
phase accuracy is achieved tlirougli extensive self-calibratjon 
coupled with an extensive factory characterization. 

Tlie HP 89440A self-ctilibration routiiie calibrates both the 
IF section and the RF section. Since the cahhration of the IF 
section is kientical to the caiibration of the HP 89410A as a 
separate instnunetil, tmly the HP 8944()A RF section self- 
calibration is disctissed here. SeLf-caliliratiou c;ut be set up 
to occui' aufomatically at predetermined intervals to com- 
pensate for temtJeiature drift. In adthtion to the calibration 
reciuireci for amplitude and phase accuracy, tlie HP 89440A 
self-calibration perfomis many other functions including 
source accm^ary calibration, front-en^i tic offset compensa- 
tioUt trigger calibration, ajtd first -LO feedthrough nulling. 

Calibrator Hardware 

Sonte parts of the HP 89440A self-calibration reqtiire a 
prcK^-ise calibration signal An internal calibration signid is 
generated tiy taking a single hit from the soiuce I^\A1, re- 
I lijcking die tnmsitior^s. and clipping it to a precisely eon- 
trolled am[>liinde. During the self-calibration the cahbrator 
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tn the rec€3ver case, me ovefsatnpJed rfaia is generaEed by simpV not pe'^': 
Ihe final (fecimatitxn operation a! the ouumt of the digital filters fn the m^. 
this two times ovErsaiTipled data as pner ated tn software !iy inserting a ^n.pie 
point of valLia zefo between each \bu of stored data points Tfiis simpltstjc inier- 
polatiDn leaves a huge al^as compontnt centered at the origins} sarnple rare, now 
haff ihe ne^v sample rate This is the sianctafd interpolation problem as s^fi m 
iIys frequencv tfoma^t arrd is solv^ by additior*al filiEfsrtg Ihd frnqueficy response 
chosen for th^s filter is a raised cosine in the frequency ddmain This fntarpotation 
frltsr IS sei^rate from the resampling filter, which follom it. 

The source software afso corrects the chirp and arbitrary wavefonns for the fre- 
qyem:y response error? fboth amplitude and phase) of the digital and anaiog 
reconstruction Titers. The analog correction is for the nominal frequency fespoase 
fnoi individually measured} oJ the reconstmctian fitter m the HP 8M10A, ihe filters 
in the HP 89440 A RF section are not corrected im The resampling filter also i^s 
amplitude errors which are corrected for 

The corrKtton and oversampling are both performed in the frequency domain on 
overlapping blocks ot data. This allows the use of frequency -domain correction 
data and makes the raised cosine oversamplmg filter easy lo implement The 
overlapping block approach conserves memory and removes SJze I imitations from 
this portion of the signal processing The source length limita are determined by 
the maximum stored data register length and the size of the source RAM. 

Tlie source flAf^ also places another interesting limit on the periodic chirp and 
arbitrary source waveforms In spite of the arbitrary span capability of the resam- 
pling process, the length of one period of the source, in sample pomts. is Itmited 
to an mteger number of source RAM samples. This is because ihe source RAM 
follovi/s l^ie resampling rather than precedes it To assist the user in chirp measure' 
ments, the instalment defaults to a "chirp periodic" resolution of span choices when 
the chirp source is on (this is easily defeated if necessary|. This gives receiver lime 
records that are e?(actly the lengtJi of the soyrce permd for tnje periodic chirp 
measurements- 

The pseudorandom source data is generated entirely m hardware using the source 
RAM as a Gaussian probability density function lookup Jable, rather than as a 
source of actual sample points Because of this, it is not corrected for frequency 
response errors other than the sin(wt/2}/is3E/2 correctfon included in the analog 
reconstruction filler Resampling is not avaifable. so the spans are limited to the 



factorof-twD chotces implefnented t- 
a rrtajor problem — the source span i 



ecanstruction fillers This is not 
elude the r^:eiver span. 



The chirp and arbitrary soorce types have a singl^shot capaliility in addition to 
the normal repeating, periodic output mode When this mode is chosen, tfie 
source is triggered tpy it\t measur^rr^nt trigger This gives ^ly one soiifce burst 
for eadi riffiasumment, which can be postliofffid relatEve to the measurement tiy 
adjusting the mgger delay This is functional m all but the so^jrce trigger mode tthe 
measurement is triggered by the source in this mode) so the analyzer can be set 
tip to rrtake 3 single-burst measurement conditioned by an external or irrtemal 
trigger. Tlie sourte can be samrrjed into an earning signaL such as a TV v^veform, 
aff owing a wavefonn to be inserted onto a particular TV line if the appropriate TV 
line trigger is input to the analy?er's external trigger port. One minor artifact is that 
there is a van able latency ffrom zera to one source ftAM sample 1 between the 
trigger sigoal and the start of reading out the contents of the source f^AM. 

Another valuable, application-drh^en feature is that when the source is forced to 
the Q-m-mMHi mode while the HP B9440A Mo-18D0-MH2 receiver mode Is 

engaged, the source outputs its waveform across half the vector span, which is 
equal to the demodulation span. With the second input channel option, this allows 
direct frequency response measurements of modulation systems, including phase- 
locked loops. In this latter application, the source can be used to inject an error 
waveform into a portion of the phase prncessing circuitry, A reference response 
can be measured at another place in the phase circuitry using the second, input 
channel, which also operates at half span The actual phase can then be measured 
with the RF receiver in phase demodulation mode with the instrument center 
frequency placed directly at the Rf frequency being analyzed. This can also he 
applied to other motlulafion systems. 
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is internally connected to the input, channel and the input 
remains teimuiated^no manual collections aie requited. 



The calibrator oiitptit level is calibrated at liie factory or 
field service center by compaiing a known signal at the in- 
put (supplied by the factory or service t.esf sUUion) with the 
calibrator signal. Tlie difference is stored in oonvolaliie RAM. 

IF Section Vector Calibration 

Tlie HP 89440A seh-ralibralioji routine generates complex- 
valued fi>rrecti()n data (ur the IF section hiput chainiels over 
a dc-tt5-10'MHz frequejicy hand. Tliese coixections aie valid 
for measurements made at the IF sectioivs input connectors 
when the ai\alyzer is in the tie-to- 10-MHz base li and receiver 
mode. The correction data is combined with the known re- 
spouse of I he digital filters to provide complete calibration 
of both iiiuplitude ajid t>hase. 

The correction dat^ is computed tVoni calibraliori tiata ob- 
tauied by p^issin^ a cahbration signal through the IF. The 
Ciilibraiiori sigrtaJ Is gctierated from a 25(>-bit binary sequence 
<:locked at 25.6 MHz. This t^i'^^fliK es a cun^b sijectnini with 
spectral lines sjjaced every 100 kHij. each with known en- 
ergy level and phase relative to the source trigger. (July 24 of 
the s|>ectral lines are actually used to Uiudel ihe fretiuen<'y 
response of the IK By hmiting \\\p runuluT of frequencies 



measured, the amount of memory reqtiired to store the call- 
b ration data is reduced. Also, the binary sequence that gen- 
erates the comb spectium can be (optimized In niaximiise the 
erverg.y level at the calibration frequencieSi thereby improv- 
ing the SNK of the calibration measurenient. Tlie frei|tjen- 
cies measured are not evenly spaced, but were chosen based 
on the characteristics of tlie 11 Iters to be cha racier izecL To 
eon^[>ute correction data, a spiine routine is used to iiUerpo- 
late between the call brat ion jjoitus. Tlie calibration data is 
Ci*niplex, so the real data and the bnaginary rlata are inter- 
polated septu-ately. Before iutet|)f>lation, excess i>luise caused 
by delay is removed fi-oni the data. '1 Ins imptfives Ihe accu- 
racy of the interpolation t^y rt^hn iug tlie orrler of the data. 
In other words, tJie sphne routines are inteipolating a lower- 
order cur^'c. After inteq>olation the delay is reiut roduced 
into the coneetion data. 

Wlxen nieastiring the calibration signal, st>urce triggering 
and time averagutg tire usr^l ia n^duce the noise of the mea- 
surement. After the first measurement of the calibratiou 
signal is made^ Ute bit sequence is inverted (ones become 
zeros and vice versa), and another time-averaged jiieasure- 
merit is made. These results are combined ami t ()irii>ared to 
the known spectnun of the calibration signal to produce the 
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vector corrections for the input channel at the specific 
frequencies generated by the calibration signal. 

The vector corrections are measured for each inpiil channel 
configuration thai Ls likely to produce a tlifferent fretjuenf y 
response. Six primary calibrations are peifonned. Four sec- 
ondary caUbrations are performed on die IF section^ 20-dB 
attenuator and 13-or-3"dB amplifier The secondary calibra- 
tions are similar to the primary calibrations except that the 
measmenients me only made at one frequency. The rCxSiUtij of 
the six primarj^ calibrations and the fom' secondarj^ calibra- 
tions ai'e stored in nonvolatile RA^\1 and combined in a variety 
of ways to compute a correc tion vector for each input range. 

IF Section DC Offset Calibration 

Each IF section input channel has a dc^ offset DAC Uiat is 
used to compensate for residual dc offsets in tlie analog input 
circuit and in the ADC. The autozero calibration measiues 
the residua] dc and adjusts the dc offset E)A(' to minimize 
the amoimt of dc offset. Tiiis calibration must be jjerfomied 
for each different configuration of the input channers active 
elements. Twenty dc offset catibraiions are performed for 
each channel. 

IF Section Source Calibration 

ri\e IF section's dc-to-10-MiIz soiu-ce is calibrated by inter- 
nally nonnectirig tlie .source to the previously calibrated ini>ul 
chajHiet Tbe uncorrected source is prograiT\med for a sine 
wave at IS MHz and the level of the signal is measured. The 
resulting amplitude conection factor is api)Iied to source 
levels entered by the operator. 

The source bas a dc offset DAC to provide user-selected dc 
offsets. Ttie gain of i be dc offset DAC is measured and this 
correction is ap|>lied lo \\\e source dc offset vidue entered by 
the operator. Tlie source dc offset DAC is also useri !;o com- 
pensate for any dc offsets in the source DAC and associated 
analog circuits. The calibration routine finds die setting of 
the source DAC tliat will produce zero volts dc at the output. 

Ti-igger Calibration 

Three separate calibrations are required for the IF section s 
trigger circuits. First, the trigger dc offset DAC is used to 
c^ompensate for tmy residual dc offsets in tiie trigger circuits. 
The calibration routine must detemiine the coiTect settings 
for tins DAC. Since the dc offset of the trigger camiol be 
measured directly, it must be uifened from anotlier measure- 
ments To determine the dc offset, the somce is programmed 
for a 1-MHz sine wave and inteiTially connected to the input 
channel. Input triggering is used to metisure the amplitude 
of the sirve wave at tlte trigger point. Tw(j measurement.s are 
made, one using a positive trigger slope ajid one a negative 
trigger slope, if there is no dc offset in the trigger then the 
two measurements will have equal amplitudes but opposite 
polarities. 

Each of the trigger t>pes (external, cliannel, and source) has 
a different amomit of delay relative to the input signal In 
atldition. there is a different delay for each receiver moile. 
The trigger ctdibration routine must measime these delays so 
the correct trigger point can be deteiinined. To measure 
delay, the calibrator Ls programmed for an SOO-kHz square 
wave and is internally comiected to tiie input chaiuieL The 
jjbase of the calibration signal is measured using each trigger 



type and the corresponding delays are stored in nonvolatile 
RAM. 

The partial -1 rigger delay counter allows the analyze r to de- 
termine the c*orrect trigger point even if the trigger p<Jtnl 
occurs between ADC samples. Tlie p^utial-triggcr delay 
counter is based on an analog pulse stretcher that must be 
characterized before stable triggering can be acliieved. The 
two characteristics that must be determined are the mirti- 
imini number the counter will retimn for zero trigger iletay 
relative to ihe sample clock, and the mEiximum mmiber re- 
tun\ed for a t rigger with sbghtly less than one siimpie clock 
of delay. To aseertiiin these values, the internal source is 
programmed to generate a sine wave aJid this signal is inter- 
nally connected to tlie input cbannel. The maximiun m\d 
minimum rmmbers are read from the partial- trigger delay 
counter as tlie trigger point is moved relative to the sample 
clock. The I rigger point is actjusted l)y changing the phase of 
ti\e sine wave. The maxinmm mid mininmm mmibei^ are 
used to tind the coefficients of a fn-st-order equation and this 
equation is used to compute tbe delay for any otJier counter 
value returned. 

RF Section Vector Calibration 

The RF section calibration provides amplitude and phase 
corrections that are valid for measiu:cmients made at the in- 
put coimector of the RF section w^hen die HP 8!:*440A is iti tjie 
2-ro-l 800-MHz receiver mode. Tlie HP B9440A self-calibration 
routine generates vector correctior) data for tiie analyzer's 
7-MHz IK Tile IF se<1 ion's input chaimel is considered part 
ol tbe IF for this calibmtion^tlie correction vectors pre- 
viously calculated for the IF section's input channel are not 
used. 

The RF section vector caJlbration is almost identical to the 
IF section vector trail brat ion. The calil>rat.ion signal is inter- 
ruilly connected to the RF input with the RF section timed to 
6 .MHz. The RF section LO adds an arbitrmy phase rotation to 
the measured data and the self-calibration routine must de- 
tennine tiie amomit of phase rotatictn for each measurc^ment 
and correct the data hicfore the results are averaged. Since 
changes in the RF attenuator do tKJt affect tlie frequency 
resijonse of the IFj the vector calibration Is only perforawd 
at the 10-<1B attenuator setting (--aO-dBm range). 

The RF section attenuators are culibrated by using the inter- 
nal ciilibrator mid the IF^ section input rliannel to u\easure 
attenuation relative to the lO-dB attemiaior setting. Only five 
attenuator combinations are measured and these measiire- 
ments are combined in a variety of w^ays to produce gain 
coiTections at all 12 attenuator settings, 

LO Feedthrough NuJiiiig 

Two DACs in the RF section nuisl be adjusted to mininiize 
tiie amomit of receiver tirst-LO feedthrough. Minimizing the 
LO feedthrough reduces low- frequently residuals and re- 
duces distortion problems caused by having multiple tones 
in the IF at low frequencies. Tlie LO feedthrough is tnini- 
mized by a circuit tliat samples tlie LO and adds a small 
aitiounl of tbe LO to tbe signal in the first IF Both in-phase 
and quatirature components of the LO are added. The E>ACs 
are used to arljust the in-phast^ and quadratiu*e romponente 
to null tiie LO feedthrough. 
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The calibration software ac^usts the DACs to prodyce a 

minimal amomiT of LO feedthrough with the RF section 
tuned lo 6 MlJz. At tliis frequenQ' die LO feedthrough term 
^ows op at 12 Miz. requiring tlie anti-alias filter m the IF 
section to be disabled for the calibration measurement. 
Since the feedthrough term is tJie onl>' signal presentt alias- 
ing is not a concern. To find the optimal DAC settings, the 
calibration routine uses tvhat is commonly referred to as a 
golden section search. ^ The seai'ch is carried out first on 
one DAC and tlien on the other. However, since the in-phase 
and quadrature-phase signals used to cancel tJie feedthrougl\ 
term are not in perfect quadrature, there is a certain amount 
of interaction betw een the t^vo DACs. Several iteratiotis are 
required to find the optimal DAC settings. To minintize the 
search time, the DAC settings obtaijteti m the previous 
calibration are used as a starting point in the seai^ch. 

RF Source Calibration 

The RF somce is raiii)ratecl by mtemally connecting the 
somce to tlie RF in])ur ar)d measuring the utTcorrectcd 
source level over the i800-MHK frequency range. The result- 
ing correction factors are stored in non\^olatile RAM and are 
applied to the user-seiected sottrce level. 

RF Section Factory Calibration 

To achieve a +{).5-(tB topical accuracy, the fiatness of the RF 
receiver must he extensively characterized at llie factory 
and at field sendee centers. This is accomplished by using 
the lest setups shown \n Fig. 3. In the first step (Fig. ;Ja), tlie 
tracking and flatness of t!te power splitter and cables are 
characterized by connecting a second power meter channel 
to the end of the test cahle. The signal generator is pro- 
grammed fur eacli calibrati<jn frcM^iiency and the difference 
between the reathngs of the two power meter cliannels is 
stored. This step transfers the flatness of the second power 
meter channel to the test setup with very little degradation. 

In the second setuj) ( Fi|^. 3b), the test cable is connected to 
tlie HF input and the gain of tJie RF section is measured at 
each calibration frequency. The level of the hiput signal is 
nieiisured by reading the power meter and correcting the 
reading using flie stored resiilts from tiie firs(: step- The in- 
put to the IF section (which is always at the same frequency 
and at nearly the same level) is n^easiu'ed with tlie HP 
8944()A in dc-to-lO-MH^ ret^eiver mode. The ratio of tlie in- 
put signal level and Uie IF signal level is the gain of the RV 
section. Tlie absolute ac^curacy of the gain [neasiucmcnt is 
not important since only the flatness of the RF seclion is of 
interest. Ttie actual gain of the RF section is calibrated by 
the seif-calibrafion described previously. 

The UF flatness is measmed for^ ail attenuator settings f>f the 
KF section and the results mv stored in nonvolatile RAM 
within the RF unit. In all over 1800 calibration points ^u-e 
stored in the RFsectioru At power-u]J, the IF section reads 
the RF sect itin caliliration data iind uses Lliis data to correct 
level measurements. Storing tlie RF calibration data in the 
RF section allows aiw IF section la operate with iiny RF 
section. Ai\ HP Instrument B A.S I C program, rumimg in tlie 
HP KLiflOA, allows sei-vice centers or customers to perform 
this ciilibiation easily. 
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Fig, 3. Setups for {^ti^actprisiirig rhc receiver flatness nf the HP 
8^N4()A RF section, (a) Setup for charade riziiig the i rack ing and 
Oatiiess of the pfjwer Eiiplitier and cabh^s. (b) Setup for measuriitg 
[he gain of the RF sectioji as a fuiintinn af frpqupticy. 

Perforin ant" e Verification 

Thi" factory calibration, coupled with the automalic self- 
calibration, protliices £in instrumenf witli pf^rfomiajice that 
can be very fUftlciilt to vmfy. Tlie amplitiifle accuracy and 
IF flatness of the IIP 89440A are verified using a niettiod 
kientical to I he factory RF calibration shown in Pig. 3b. 
Using This method, the HP 89440A's nieasiired level accuracy 
at room lenii>eratiire conditions is typically better than the 
measurement uncertainty. 

To verify^ the vector perfonnance of the f IP S9440A, the devi- 
ation from linear phase (relative phase enor) witfiin one fP 
bandwidth must tje measured. Jdealty, wc could calculale 
1 he w^orst-case relative j)hase en or from the worst-c^ise IF 
tlatness because the IF coned ion data consists of con^plcx 
veciors. The amplitude ai^d phase corrections are not inde- 
pendent and any phase en'ors wtjuld Itave conesjMjnding 
ampliiudc en^ors. In pracHce, Iiowever, the scalar RF flat- 
ness cut ilnation fiata is iilso used to a^iply second-order cor- 
rections to the IF levels. Tins means that it is possifile for 
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Vector Measurements beyond 1,8 GHz 



The HP 9941 DA and HP 89440A vector signal analyzers provide unprecedented 
analysis capabilities for looking at Domplex signals. Driven by a need for more and 
larger spectrum requirements, many cammunjcation schemes are moving tn higher 
frequencies. The HP G941 1 A provides a way to apply the powerful analysfS capabili- 
ties of the HP 8941 OA to signals that lie above 1 .B GHz, It does not have the level 
of integration or the complete set of features provided by thR HP B3440A, but it 
does allow a user to view and analyse signals above 1 .fi GHz as they have prob- 
ably never done before The HP 8941 lA provides tins capability by translating the 
auxfliary IF I intermediate frequency} outpol from one of a number of RF and mfcra- 
wave. spectrum analysers to a center frequency within the analysis range of the 
HP 8941 OA. [t will directly translate the IF outputs of analyzers such as the HP 
71 ODD Series and HP a566A/B. Customers who already own one of these analyzers 
[;an now extend tbeir instrument's capabilities by combining them with the mea- 
surement capabilities of the HP B9410A. In addition, an integrated solution can be 
constructed using features of the HP 894 lOA such as HP instrument BASIC, HP-IB 
ilEEE 499, lEC 625] controller capability, and built-m firmware features describmg 
external down-converters such as the HP 8941 1 A. 

The HP B941 1 A is fixed-frequency down-converter that translates a band of signals 
up to 7 MHz wide from a center frequency of 21 .4 MHz to a hand centered at 5.B 
MHz- As the block diagram, Rg 1 , shows, it does this in tv^'o frequency conversion 
steps and provides conversion gain and image filtering for the signal band of 
interest. Its internal oscillators are phase-loclced to an external )D-MHz reference 
frequency to allow high -quality magnitude and phase measurements on a variety 
of signals. The HP B941 1 A package has the same fnatprint as the HP 894 IDA so it 
can be stacked directly below it. 

The HP 8941 1 As performance goals Were aimed at making it appear fargely invisible 
to the user Its broadband noise, distortion, spuriuus, and phase noise perfor- 
mance are similar to the HP 8941 DA's. In a typical system die overall performance 
will be determined by the RF or microwave spectrum analyzer. 

Tu support the HP 9941 1 A as well as other down -converters, several firmware 
features are incDrporaied into the HP 8941 OA. A menu urider tba instrument mode 
key allows the user lo define some of the attributes of an external receiver such 
as the HP 8941 1 A. These attributes include the tuning range. IF bandwtdth. display 
"mirroring", and enabling of HP-IB control When the external receiver mode is 
selected the instrument's x axis and markers are labeled with the actual mput 
frequency. Selectrng the mirrermg function instructs the HP 8941 DA to mirror or 
tlip the spectrum display. This capability is provided to undo the mirroring that can 
occur as a result of the mixing scheme used in some RF and microwave spectrum 
analyzers. The HP-IB control capability is directly compatible with all HP 71 DOO 
Series spectrum analyzers and with the HP 8566A/B When changing frequencies 
the user simply enters the new center frequency and span on the HP 8941 DA. The 
HP 8941 DA tiien checks to see that the parameters are not out of range for the 
defined externa! receiver setup, and then can optionally issue HP-IB commands to 
tune the RF or microwave analyzer to the desired frequency, The user can account 
for conversion gain differences in various setups by applying trace math to the 
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Rg. 1 Cor^nection diagram for MQ.dular Measuremam System hookup with an HP TtOOD 
Se r i es s pectru m ana lytet. 

measured results. If more complicated control functions are needed the HP 
8941 DA can be configured as an HP-IB bus controller and with an HP Instrumerit 
BASIC program, an m teg rated down -conversion system can be constructed The 
instrument connections for such a system are shown in Fig 2. 
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the aiial>7^rs IF flatne*^ to be significantly better than the 
measured phase acciiraej' would imply. 

To measure cJevlatinn from linear phase, a test signal is 
needed Uiat has three or more spectral components with 
known phase relationships l>etween Ihem. Since HP S!^44€A 
phase nieasuremeiits liave arbitrar%f delay and ofifeet temis, 
the phase of a single tone and the pliase relalionship be- 
tween nvo tones are arbilxar>". Howe\'er> tlie phase difference 
between two tones relative to the phase difference between 
one of these tones and a third tone is not arbitnirj'; For ex- 
ample, suppose the MP 89440A is used to measure an ampli- 
tude mochilaietJ carrier The difTercnce between the carrier 
phase and rJie phase of the upper /Ul sideband siiould have 
the Siinte magnitude as the difference bcn^-een the cairier 
phase and the phase of the lower Ml sidebani, but the op- 
posite sigit If the source has no incidental PM, then tJte sum 



of the upper and lower sideband phase differences relative 
to the carrier phase is a measure of the analj'zers deviation 
from linear phase, A method similar to tliis is used at the 
factory to measure the deviation from linear phase of the 
HP 8i>440A's 7-MHz IF bandwidth. 
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Optical Spectrum Analyzers with High 
Dynamic Range and Excellent Input 
Sensitivity 

The diffraction-grating-based HP 71450A and 7 1451 A optical spectrum 
analyzers provide the basic spectral measurement of optical power versus 
wavelength and advanced functions for measuring and characterizing 
LEDs, DFB Lasers, and Fabry-Perot lasers. 

by Da\id A, Bailey and James R, Stimple 



The telecommunications industry is one of the most lively 
and interesting areas of the electronics industry today. Tlie 
development of high-performance fiber-optic systems re- 
(juires Hie ultimate ijerfonnmice of com] jon en Is siicli as kiser 
source?5i ntvensi ojitical amiJliflers. and receivers. Accurately 
ineasuring the |>erfon nance of these ctjmponents and C(in- 
firming their operation in the system is essential to prove 
the design. Tlie optical specUrnn analyzer is one of the most 
valuable tools for making these measurements. The Hf^ 
71450A and 71451 A optical spectnnn mialyzers arc d€^ signed 
to make spectra] measurements in the laboratory and in a 
productitjn environment. The HP 71451 A optical spectrum 
analyzer is shown in Fig, 1. 

Both ai'ialyzers can make spectra] measurements between 
600 nm and 1700 nm on LEDs. Fabry- Perot laser?^, distrib- 
uted fet^dback lasers, and erbium-doped fiber amphfiei's. 
These basic measiuemeni capabilities are described later in 
tills article. A new dt)uble-pass nionot*hromator enables the 
analy?.ers to provitU* rlae ivigh ciynarujc range of rlotjblc- 
monoehromator in^ininients (5;^ dB at 0.5 mn froni the peak) 
and the sensitivity of single-monociiromator instnnuents 



(better than -90 dBm), Pig. 2 shows block diagrants of the 
IIP 71450A and 71451 A optical spectrum anaiyzers. 

The HP 71451 A optical speriiiim analyzer offers measure- 
ment capabilities diat go beyond l>asic oprical spectral mea- 
surements by providing four measurenTent ports: mono- 
chromator input, photodetector inpuL monocluomator 
output, and transimpedance amplifier input (see Fig. 2b). 
These ports allow five different modes of operation: 

^ Optical spectrum analy^^er mode. This mode provides basic 
optical sped mm analysis with precise amplitude accuracy 
and less than f),r> dB iJoU'^niisatitjn sensitivity. 

' Preselector iti<:)de. This mode allows front-panel outt)ut of 
light that passes through tJie monochromator. Wavelength 
division multiplexed channels, individual modes of Fabiy- 
Perot lasers^ and selected widths of LEDs or wlute hght 
sources c;an be output on 62-um :&ber for further use or 
analysis. 

■ Stinndus-response mode, Wlien broad spontaneotis emission 
light is applied to the monochromator in])utj the nioiKJchro- 
mator output becomes a variable- wavelertgth source. The 
user can pass the light through a de\ice or filter, and then 
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Fig. 2. (a) Block diagram of Liu? 
HP 71450A optical spectrum ana- 
iyzf^r. (b) Block diiigratti of the 
HP71451At which extendi^ iht* 
capabilities of the HP 7 1450 A, 



remsert it inlo the photrKJetettor input for analysis. Filters, 
fibers, aiupli tiers, isolaloj^, switches, aiid other components 
can be charactetizi^d ushtg this mode. 

• Power meter riiode. This mode offers direct access to the 
photndeteclon li\ tliis motle, a trace of average power versits 
time is displayed, allowing tite ttser to record any mviplitittie 
change over time or nionitor ampiitittie while atyustmcnts 
are made. Long-term drift can also be monitored. 

• Photodetector mode. This mode is similar to the stmiulus- 
response mode except that the device imder test {1>LTT) is 
an opt icaJ -to-elect deal comptnietil. By c om]jarin|i; the call- 
braied respoivse of the imental pliotodiode with the mea- 
sured response of the OUT (via I Ite transijnpedimce input), 
responsi\'ity versus wavelength caii be calculatec! atid 
displayed. 

The rest of this aiticle describes the user interface and the 
advanced measuremenl programs provkied with the IIP 
7 1450 A and 7 1451 A optical spectmnn analyzers. Otiier attic les 
in this isstic descnJse the design and implementaticm of the 
components in these analyzers. 

User Interface 

The user uitcrlace u\ the HP 7H5l)A m\d 714131 A optical 
spec^trum analyzers is designed to have the same look and 
feel as HP's RF and tiiicrowave spectntm ^malyzers. The 
instnimejil runctinns ^ue selected ftom lite Iroul panel via M 
softkeys mid 15 hard keys. The only obvious difference be- 
tween optical mid HFand microwave insltiiuiejns is that I lie 
sigi^al information is displayed in wavelength (nanometersj 



for optical instruments and frequency fHz) for RF or micro- 
wave instnunents. Di^splaying signal uifonnation as a fniK'ticm 
of wavelength has always been an optical tradition. 

Menu Keys 

f )ver 250 itistnmient functions arc availabh^ from Ihe 11 
keys located oti the sides of the inslnunenl display (Fig, 3). 
These fmiclions luc grouped into st^ven measiuement cate- 
gories called finnkeys. which are always displayed on the 
left side of the display. Pressing a fin u key accesses a group 
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Fig. 3. An example of tht> softkcys and firmknys that appear on ihf 

Tn^iit pmit'l nrtlic HP 714rjilA Jinr! THHl A !?i}>ectnirn aiuilyzers. 
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Optical Spectrum Analysis 



optical spectrum anaiysis is the measurement of optical power as a function of 

wavelength Applications include testing \nset and LED light sources for speciraf 
purity and power distrlboiion, and testing the transmission characten sties of 
optical devices. 

The spectral width of a light source is an important parameter In fiber-oplfc contv 

muni cation systems because nf chromatic dispersion, which occurs m the fiber antf 
fimits the modulation bandwidth of the system. The effect of chromatic dispersion 
can be seen in the time domain as pulse hroademng of the digital mformstion 
waveform. Since chromatic dispersion is a function of the spectral width of the 
light source, narrow spectral widths are desirabte for high-speed communication 
systems 

Fig. 1 shows the spectrum of a Fabry-Perot taser. The laser >s not purely mono- 
chromatic, its spectrum consists of a series of evenly spaced coherent spectral lines 
with an amplitude profile determined by the characteristics of the gam medium. 

Optical spectrum analyzers can be divided into three categories: diffraction-grating- 
based and the Fabry-Perot and Mtchelson inlerfernmeter-based optical spectrum 
analyzers Diffraction-grating-based optical spectrum anaEy?ers are capable of 
measuring the spectra of lasers and LEDs. The resoiution of these instruments is 
variable, typically ranging from 0,1 nm to 5 or 10 nm. Fahry-PerDl-rnterferomater- 
based optical spectrum analyzers have a fixed, narrow re solo t ion, typically specified 
in frequency, between 100 MHz and \U GHz. This narrow resolution allows them 
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Rg* Z Simplifiad block diagram of an optical spectrum malymr 

to be used for measuring laser ttiirp, hut can lif!iif tfieir nreaiiurement spans much 
mare than the diffraction-grating-based optical spectrum enalyzGrs. f\/licheison- 
interferometer- based optfcal spectrum analyzers, which are used lor direct 
coherence-tengih measurements, display the spectrum by celculaiing the Fourier 
transform of measured mterterence patterns. 

T!ie HP 7145QA artd 71451 A optical spectrum anaiy^ersare diffractron-gratin|- 

based. 

Basic System 

A sirr^plified block diagram of a grating-based optical spectrum analyzer ts shown 
in Fig, 2 The incoming light passes Ihrnugh a tunable-wa^/eiengtfi optical filter 
[monochromaiorl which resoive,-; the individual spectral components. The phcto- 
detector then converts the optical signal to an elactncai current proportional to 
the incident optical pow^r 

The current from the phntodetector is converted to a volTage b^ The transimped- 
ance amplifier and then dfgtti^ed. Any remaining signal processmg, such as apply^ 
ing correction factors, is performed digitally The signai is then applied to the 
display as the vertical, or amplitude, data. A motor relates the diffraction grating , 
tuning the wavelength of the optical filter. The angular position of the diffraction 
grating determines the horizontal location of the trace as it sweeps from left to 
right. A trace of optical power versus wavelength result,s The displayed width of 
each mode of the laser is a function of the spectral resolution d the tunable- 
wavelength optica I filter 



of functions called softkeys, which are disj clayed on tht^ 
right side of the disjilay. Pressing the MORE softkey tiisplays 
an aciditional set of softlteys. These additiojiiil Iceys tend to 
be the keys used Less often. This menu tiee stnicture allows 
easy access to all of the mstniment functions. 

Hard Keys 

To allow t^asy access to fionctions Uiat are used inoj^l wflcn^ 
there are 15 hard keys on the front panel (see Fig. 4 J. These 
functions control sweep w^avelengllis, resohttion, reference 
level, and marker pos^itioas, Tliree Itmctions fia\^e been added 
tliat aie not found on a inicrow a\ <* sji^^ctnun analyzer Ttiese 
fiuictions are autotneasine ( AUTO f^EAS key), sensitivity 
(SENS key), and aiitoaliMn t AUTO ALIGN key). 

Automeasure. Witen die AUTO MEAS key is pressed, the iuialyzer 
seme he s tiie fitll wa\ elength span and locates the largest 
detected signal. If a signal caiuiot be foimd, r he sensitivity is 
increased and the search continues. Once a signal is fotind. 



it ts positioned on the screen by actjiisting the center wave- 
length, si^nsitivily, atKi reference level. TJte signal widtlt is 
also me: LSI I IT (I and the span is reduced so that juost (or ail) 
of the signal power is displayed. Tlte amplitude scale is set 
to 10 dB/di vision. 

Tile user can modify lliis operation by selecting a wave- 
length span and a final mnplitude scale to be used upon 
complelion of the automatic measurement ronrine. If multi- 
ple signals are present and the signal of interest is a lower- 
level si^ial, the user can position the niarker on tliat sign^il 
and the automatic mcasurenu'^nt routine will acqitue the 
peak closest to the market 

Sensitivitv* The SENS key is used to adjust the sensitivity of 
the instnimetit. Normally the optical siiectnnn tmal^'zer auto- 
matically selects tiie greatest setisitivity that does not affect 
tlie sweep speed. The sensitivity function allows the user to 
select the smallest signal amplitude to be displayed across 
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Fig. 4. A representation ol the. hard keys on llie front panel of th*^ 
HP 7145tlA and 7 1451 A spectrum aiiatyzers. 

the current wavelength range, hicreasing the sensitivity 
causes low-level signals to change the amplifier gain. These 
gain changes requiie pauses, wtiich decrease tiie sweep 
speed. An increase in sensitivity may also require a nar- 
row^er \ideo bandwidth filter, wMch will also slow the 
sw^eep speetl, Atljusting the reference level to the lughest 
signal level to be measured and the sensiti\it>' to tlie lowest 
signal level to be measured will opthiiize tlie sw^eep speed. 

Autoalign. Aligrnnent of the optical spectnini analyzer is easy 
to perform. ^Tien the AUTO ALIGN key is pressed^ the optical 
spectJTun anal>!^er auroniati rally arijusts the nteclianlcal ijosi- 
tion of tlie optical] output fiber to ensure amplitude aecuiary 
No manual acliustments are necessaiy. and the optical spec- 
tnmi antdyzer can use an input signal of any wavelength for 
alignment. 

Advanced Measurement Programs 

The HP 7 1450 A and 7 1451 A optical spectrunt analyi^ers 
pro\ide Uie capability to download iuid execute cusloru pro- 
grmns, which are called advanced nieasurenient programs. 
'^These programs provide one-button nieasurenient solutions 
without using an external compuler The programs can be 
downloaded from a disk or niernory card and stored in the 
analyzer's nonvtjlatile RAM. Tliey can be rtm by pressing the 
USER finnkey and tlien selecting the displayed so ft key. They 
can also be accessed remotely via t lu* HP-IB interface. Tiiree 
advanced measurement programs are supjjlietl witli the opti- 
cal spectrum armlyzei's. These programs automaticaiiy mea- 
sure the following liglit sources: 

• Light-emit I Lag ditjdes (LF^D.s) 

• Fabi^-Pei ot lasers 

• Distributed feedback lasers (DFBs)- 

Light-Emitting Diodes 

Ligbl-eruitJing diodes t'todnce light with a wide spectral 
wndtlt Wlien [|sed in llbi'^r-optic communication systems, 
they can be modulatetl at frequencies up to about 20(J MIlz. 
LEDs have the advantages of low temperatiu'e sensitivity 
and tio sensitivity to i)ack reflections. Additionally, Ihe inco- 
herent emitted iiglu is not sensitive to optical interference 
from reflections, 

A light -emitting diode generates light by spojitaneous emis- 
sion. This occurs when an electron in a high -energy conduc- 
tion band chtmges to a low-energy valeiK*e band (Fig. 5). 
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Fig. », Sponlaneous emissiort. Most elocirons move from the 
cunduction teid to die valence band dwing lecombinaLion. 

The energy lost by the electron is released as a pholon- For 
a given material, discrete energy levels represent the differ- 
ent orbital states of the electron, Tlie energy of the released 
photon is equal to the energ.v lost by tlie electron, and the 
wavelength of the emitted photon is a function of its energy 
As a result, the w avelength of the photon is determined by 
the material used to inake the LED. 

The spontaneous emission is caused by the recombination 
of electrons from the conduction band to the valence baiid. 
The difference in energy between the conduction band and 
the valence band is cjiihed the bandgap energy (E^j) and is 
expressed in imils of either joules or electron volts (eV) The 
wavelength of tlie emitteti photfju is determinetJ by llie 
bandgap energ^y. The wavelengtii is expressed as: 



X = hc/E^= 1.24um/Eu, 

%vhere h (Planck's constant J is equal to 6.02 x IQn^^ Ws^, c 
(speed of liglit ) is 2.998 x 1 0^ uVs. and Eg (bandgap energ^y 
of the material) is expressed in tinits of joules. 

The conduction-band electrons are generated by a forward 
bijus placed on the p-n jimction of the diode (Fig, 0), The 
material on the n-layer side of the junction has immobile 
positive charges evenly distributed througliout tlie layer, with 
mobile negative c harges, oe' electrons, responsilile for elec- 
trical current flow. Conversely the material on the jj-layer 
side of the junction has immobile negative charges evenly 
dlstrilnited throughf>ut the layer with m<jlale positively 
charged holes, actually locations of missing electronSj 
responsible for electrical current flow. 

At die jimction, the moblie ehK^trons from the n layer and 
tlie mobile holes Ironi the p layer recombine and produce 
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photons* While LEDs in use today consist of nuiUiple layi^rs 
of sf*n\icondiictor niaterial, the light -generation process is 
tile same. 

Tiic spectrum of a light-emitting diode results in a Ijroad 
distribution of wavelengths centered about the wavelength 
calculatcHl by the above equation. The spectral width is 
often sjiecifierl at tlie half-power points of tht' sjicctnim. or 
FWtlM [full Width at haJf nuLvimmn) [joinl-s. l^^jicai values 
for full wiclih at half maximutii range from 20 nni to 80 nm 
for LEDs. 

LED Advanced Measurement Program 

The LED advanced measurement program automatically 
measiues many LED jiarameters. Some parameters such as 
mean wavelength and s[>ectral width are measurt^d by two 
methods, t )ne method takes into account the etUire spt^t - 
trum. while the otiier takes into accoimt only a few poincjs of 
the spectrum. All the measuremeat-s are made at tlie end of 
each sweep. Fig. 7 shovv^s the measurement display pro%-lded 
by rhe HP 71450A and HP 71451 A LEI) advtiru ed measure- 
ment prognun. The foUowing is an explanation of t'afh ot 
the values computed by ihe LED advanced measurement 
l>rogiam. 

Total power. The total power parameter is the summation of 
the power at each trace point between two user-selected 
point-s, noni^alized by tlie latio of the trace potnl spacing 
and resohiUon handwjdrli. This normalizalion is ruquin^d 
because the spectium ijf the LED is coniiruious ralher ihmi 
containing discrete spectral components as a laser does. 
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Fig, 7, (a) The sj^eetnuii of a ligln-emilling diode, (b) T!ie panimeters 
linjviiled l)y Uve LED auioinatic Jueasureiiieiit prcfgrarn. 



The tola! power of an LED being tested is detennined by the 
equation: 

N 

Total Power = Pu = ^ ^' fWHBW), 

wvhere RBW is the resolution handwidth and TS is the trace 
point spacing. 

• Mean FWHM. The mean wavelength of full width at half 
maxim urn points represents the center of mass of the trace 
I>ulnis. 'f he power ami w^avelength of each trace point are 
u.sed txj caJculale the mean FWIiM wavelength: 

Mean FTOIM = I = ^ Pi (TS/RBW) 1,/Po, 
\=\ 

• Sigma. This measurement is an nns calculation of the 
spectral wicUh of an LED based on a Gaussian distribution. 
The power and wavelength of each trace point are used to 
calculate sigma. 



Sigma = o = /X^' (TS/HBW) (X^ - if/Po^ 

Sigma is also used to calculate the distribution trace 
[described below). 

• FWHM (full widlli at half maximum). Tliis measurement 
describes the siie'Ctral width of the half-power pomts of the 
LED. assmning a continuous Gaussimi pow'er distribution. 
The half -powder points are those points where the powder 
spectral density is one-half that of the peak amplitude. 

FWHM - 2,355 x Sigjua. 

• 3"dB width. This Vidue is used tr> dcscril>e the s-pectral width 
of £ui LED hased on thesepanition of ihe iwo waveletigtlLs 
(hai each lia\t' a power speclral dtnisiiy etjuat to one-half the 
peak powei sptn tral density. The 3-d B wiflth is detennined 
by finding the peak of the LED spectiiim and dropping 
dow^i 3 dB on each side. 

• Mean (3 dB). Tliis is the wavelengili tiiai b the aveiage of the 
two wavelengtlis detennineci in tiie 'S-dB width measiu-emet^L 

• Peak wavelength. Tliis is the wavelength at which the peak 
of the LED s spectnun occiti's, 

• Peak density ( 1 nm). ThLs is the power sj^ectral density 
(nonnaMzed to a 1-nm bandwidth) of the LED at the peak 
wavelength. 

• Distribution trace. ThLs is a truce that is based on the total 
power, the power distribution, m\d the memi wavelength of 
an LED. This frace luis a Gaussian siiectral distribution and 
represents a Gaussian approxiniation of the mea,sined 
spectrum. 

Fabry-Perot Lasers 

l.aser^ are capal;>le of producmg higli outpiut power arnl direc- 
tional iight bemns. V^lien used in fiber-optic communication 
systems, semiconductor lasers cmi be modulated at rates up 
to about 10 (tHz. However, lasers iirf* sensiti\e to remperature 
and back reflections. Additionally, die coheient emitted light 
is sensiti\^e to opticiil interference fi-oni reOections. 



64 D*^':eIl^be^ 194*3 Hewlcliratkard .Journal 



)Copr. 1949-1998 Hewlett-Packard Co. 



\Z) \l) \l} Coitrfucijo n Band 



LengtbfU 



Itecombf nation 



PiKrton 
D] recti an 



Bandgap 



O O O Wslencs Band 

Fig, 8. Stimulated emissKJii is tlie rtfkmsc oi a piiolon because of an 
electron hole r*^*€nibtnaticHi triggf*r<*d by atvorher phut on. 

Tlie design of the Fabry-Pcrot laser is sunpier tlian the dis- 
tributed feedback laser (described laler). However, it is more 
susceptible lo chromatic dispersion when used in fiber-optic 
systems because it has a wider spectral bandwidth. A Fabry- 
Perot laser djifers from a liglit-emitling diode in tiiat it gener- 
ates light maitiJy by stinuilaled emission Some of the photons 
are general ed by spontaneous emissiorK as describeti for the 
LED, but the majority of the photons are generated by stim- 
ulated emission, where phototts trigger additional electron- 
hole recombinations, resulting in additional photons as 
shown in Fig. 8. A stimulated photon travels in tbe sante 
direction and has the same wavelength a^id phase as tbe 
photon that triggered its generation. 

Stuniilated emission can be tht^ughl of as the amplification 
of light (laser is im acronyn^ for light artrplification by stimu- 
lated emission of radiation). As one photon passes thi'ough 
the region of holes and conduction band electrons, addi- 
tional i>horons are generated. If the material were long 
enough, enoiigh photons might he generated to iHoduce a 
significant amount of powder at a smgle wavelength. 

An easier way to build up power is lo place a reflective 
mirror al each end of the region just described so that the 
photons travel back and forih between tlie mirrors, bulkling 
up the numlier fjf i>hotons with eacli (rip. Tliese mirrors 
fonn a resonator, which is a re*|uirenvenl for laser operatioi>. 

Laser operation has two additional requirements. One re- 
tjuirenient is that for stinmlated emission (o occur, a greater 
number of conduction-band electrons than valence-band 
electrons nuLst be presciit. This is called a populaticm inver- 
sion. It is achieved by forcing a high current densily in the 
active laycT of the difidc structure. Tlie second requinnnenl 
is that the gain exceeri the losses from j'iisorpvion tmd nidi- 
ation. Pari of tbe radiation loss is the amount of iiglit re- 
leased at the laser (output. As the current increases, tbe gain 
increases. The current for whic h stinujlated emissions occhu* 
is tbe threshold current of the laser- 

The resonator is often just iiighly reflective, cleaved surfaces 
on tbe edges of the diode (Fig. 9). As the hght reflects be- 
tween tbe mirrors, the photons of a given wavelength must 
be in phase to a(id constnicdvely. The resonator acts as a 
Fabry-Perol interferometer because only light for which die 
resonator spacing is tui integial numbei' of half wavelengths 
will add constructively. As a result, the spet tnmi of a Fabry- 
Perol laser contains multiple cliscrete-waveiength compo- 
nents, — 

The possible wavelengdis produced by the resonatw are 
given by: 

l^^^ = nic/2lnt 




Fig. 9. The reflective surfacies at the edges of the laser diode act as 
;i Fat in -Perot type resonator 

where m = mteger, c - speed of hght, I = length of ca%ity, 
and n = refractive index of cavity. 

The actual outjiut powder at each of these w^ave lengths is 
determined hy the laser gain and minor reOect ivity at that 
w^avelength. As with the LED, die center wavelength can be 
dptermined from the bandgap energy. Tbe sepaiation 
between tire different wavelengths (mode spacing) cim be 
determined from the separation of the mirrors as follows: 

Mode Sfjacing = c/21n (Hz) or X"/2hi (nm). 

Fabry-Perot Laser Advanced Measurement Program 

The FabO'-t*erot laser advtuK^ed nteasurement program autcj- 
ntatically measures the parajnetej-s of the Faliiy-Perot laser 
al the vm\ of each sweep. All of I he measurements ^u"e based 
upon the detected trace peaks of the laser (see Fig. 10). 
What defines a peak is controlled by the peak excursion 
function. The peak excui^jion value (in dB) can be set by the 
user tmd is used to detennine wliich traic j>eaks are accepted 
as discrete spectral responses, 

A peaks function is supphed in the measurement prograni to 
verify that a proper peak exclusion value is being used. The 
[jeaks function, when euablerl, displays a vertical hne from 
the ijottom of the grid to each ct)unted spectral component 
of the signal (see P'ig. 10a), 

A distribution trace function is also supplied with the pro- 
gram. This function displays a trace that is based on the total 
power, individual wavelengtiis, mean wavelengtli, and mode 
spacing of the lasen Tins trace can he a Gatissian, Lorentziim, 
or envelope s|)ectral dlstrihutlon that represent c^nirimious 
approximations to the real rliscrett^ s[jectruni. 

The ot her parameters computed by the Fabry-Perol 
measurement program inckuk*; 

* Total |)ower. This is die siuiuualion of tiie power ui each of 
the displayed spectral componenl^, or modes, that satisfy 
vne peak ext*ursion criteria, 



Total Power = P^, = Y Pj. 
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Fig. 10, (tL) Tlip si)e(1.run3 (.>f a Pabry-Perol bisen (b) The parajuelerH 
pruvidtid by llie Fabry- Peru t laser aieasureineot progiarii 

• Metin wavelength. Tliis parameter represents the center of 
mass or the spectral components onscreen. The power and 
wa%^e length of each spectral component iwe used to calculate 
the meim wavelengtlL 

_ ^ 
Mean Wavelength = ?^ = ^^ ^M^o- 

1=1 

• Sigma. This is an rms calculation of the spectral width of 
the Fabry -Perot laser based on a Gaussian distribution. 



Sigma — 




a)7Po. 



• FWHM (full width at half maximum). This parameter de- 
scribes the spectral width of the half-power points of the 
Fabr>-Perf Jl hiser, assmning a eontinuou.s. (.laussiaii power 
distribtition. The lialf-i>owei" points are tiiose where tiie 
power spectral tJensily is one-half tJtat of the peak ampUtude. 

FWIIM = 2;355 X Sigma. 

• Mode spacing. This is the average wavelengtli spacing 
betw^een the individual spectral components of tiie Fabry- 
Perot laser. 

• Peak amplitude. The power level of the peak spectral 
component of the Fabry-Perot laser 

• Peak wavelength. Tlus is the wavelengili a1 which the peak 
spectral component of the Fabiy-Perot laser occurs. 
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Fig. 11, The speri'truin of a diHtdbuled feetiback lasen 

Distributed Feedback Lasers 

Distributed feedback ( DP^B) lasers are similar to Fabry- 
Perot lasers, except that all but one of their spectral compo- 
nents are significantly reduced (see Fig. 11), Because its 
sjiectrum has only one line, the spectral width of a distrib- 
uted feedback laser is nun h less than that of a F'ahi'y-Perot 
laser This greatly reduces tht^ effect ol' c hromatic dispersion 
in fiber-optic systems, allowing for greater transmission 
bandwidths. 

The dlsUibuted feedback laser uses a grating, which is a 
series of cornigateci ridges, just above the active layer of tiie 
semicontiuctor (see Fig. 12). Rather than using just the two 
reflecting surfaces at the ends of the diotle, as a Fabiy- Perot 
laser does. Ibe distributed feedback laser uses each ritige of 
the corrugation as a reflective surface. At the resonant wave- 
length, all reflections from the different ridges add in phase. 
Because of the much smaller spacings between tlie resona- 
tor elements compared 1o I he Fabiy- Perot laser, the i>ossible 
re-sonant wavelengths are much farther apart in waveletiglh, 
and only one resonant wavelength is in the region of laser 
gain. This results in the single laser wavelength. 

The ends of the p-n diode still act as a resoruitt>r in the DFB 
laserj producing lower-amplitude side modes. Ideally, the 
dimensions of the renecbve surfaces are selected so tltat the 
end renect.ions add in phase with the grating reOectious. In 
this case, the main mode will occur at a wavelength haltway 
betw^een the two adjacent side modes: any de\iatJon is 
called a ceuter offset. Center offset is measured as the dif- 
ference between the mmn-mode wavelength and the average 
wavelength of tlie two atyacent side modes. 

The amplitude of the largest side mode is typically Ijelween 
W and 50 dB lower Uian the main spectnii output of the laser 
Because side modes me so close to tJie main luotle (t^^^jit ally 
between 0,5 nm and 1 nnV) the d>iianuc rani;e of an oiitical 
spectrum analy^xer <letemunes its ability to nieasme them. 
Dynaniic rajtge is specilied at offsets oi 0,5 nm and hO nm 
from a large response. Tlie HP 71450 and 7 1451 A optical 
spectiimi analyzers specif^' a dynamic range of -55 dBc at 
offsets of tL5 nm and greater and-t>0 dBc at offsets of bO nni 
and greater. This indicates the amplitude Level of side modes 
tliat €im be detected at the given offsets. 
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Fig, 12. A P"ii JLincLion represejiLaLion of a dj^stribiited fecclback 
laser which uses a series of reflectiiig ridges to reduce the ampUtiide 
of all but orte of tlif KpectraJ con ipoj tents ttf the laser. 



Distributed Feedback Laser 
Advanced Measurement Program 

The distributed feedback laser advanced meELSurement pro- 
gram automatic tUly measures the parameters of d\e distrib- 
uted feedback laser at die end of each sweep. Like tlie Fabrt"^- 
Perot l^iser advanced measurement progi^im, all of the 
mea-sureiiieiits are baseti upon the detected modes of die 
laser, or trace peaks. VViiat defmes a peak is controlled by 
the peak excursion function, 

A stop band display function is supplied to verify that a 
proper peak excursion value is being used to determine the 
correct stop band modes. The stop band function, when 
enabled, displays a vertical line from the bottom of the grid 
to each of the selected side modes shown in Figs, il and 13. 

A side-mode suppression ratio display function is also sup- 
plied to verify that a proper peak excursion value is toeing 
used to determine the correct side mode. 

The other parameters prrmded by the DFH nieasui ernent 
program inchide: 

• Peak wavelenglh. This is I he wavelength at whiciv the rTuiin 
spectral compont^nl of die DFB laser occurs, 

• Mode offset. This is the wavelength separation (in nanonie- 
tej's) between the main spectral component and the !argest 
sitle mode. 

• Peak amplitude. This is the power level of the main spectral 
compoj^ent of the DFB laser. 

• Slop band. This is the wavelength spacing between the upper 
ar\d lowei- side modes adjacent to the m^dn mode. 
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Pig. 13. The pamnietere provided by the tUstribtited R-edback laser 
automatic program. 

■ Center offset, Tliis parameter indicates how well the main 
mode IS centered in the stop band. This value equals the 
wavelength of the main spectral component minus tlie mean 
of the upper and lower stop band component wavelengths. 

► Bandwidth. This pttrameter pro\ides a measurement of the 
displayed bandwidth of the main spectral component of the 
DFB laser. The amplitude level, relative to the peak, that is 
used to measure tlie bandwidth cmi be set by the usen The 
default amplitude level used is -20 dBc. Becanse of the nar- 
row line width of lasers, the restaJt of this n^easuremenl for 
an unmothtlated laser is strictly dependem upon the resolu- 
tion bandwidth filter of the optical spectrtmi analyzer. With 
moduialion applied, the resultant waveform is a convolution 
of tlie analyzer's filter and the modulated laser's spectiiun, 
causing die meastned bandwidth to increase. Tlie combina- 
tion of the modulated and unmodidatetl readings can be 
used to determine the l>atidwidt!i of tiie n\odulated laser atul 
the presence of chup. 

Conclusion 

The Hi* 7 1450 A and 71451 A are HP's first optical spectixmi 
Hnaiy:^ers, By leveraging our expertise in user in to if aces 
from the KF mul micrtiwave [products, wc^ were able to pro- 
vide a product that has the familim' iook and feel that users 
expect from HP. 
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A Double-Pass Monochromator for 
Wavelength Selection in an Optical 
Spectrum Analyzer 

The wavelength-selection scheme used in the HP 71450A and HP 71451 A 
optical spectrum analyzers propagates the light from the device under test 
twice through the refraction and diffraction elements in the 
monochromator 

by Keiuieth R, HUdiiauer aiid Zoltaii Azary 



For many users of spectral analysis iiistninionts^ measiii o- 
mcnt speed is of primary' cone em. m\6 having a display of an 
f optical spectmin in re^d time is liigWy desirable. Many users 
interested in Uie purity of tlieii' soiu'ce are also interested in 
being able to detect Ipw-level signals diat are very close in 
wavelength to Ihe primary signal. Tlie ratio of the power of 
these low -level sigual^^ to Ihe main yigiial caji be easily 
smaller than U) "• (^4{) dBe) at uHst^ts less than one iKuiniiie- 
ter away. The abilhy of ciii iu.stnuTiejit to resolve or display 
these signals will be referred to as cJose-ki dynamic range in 
tliis article. 

Higher tran.smissioti rates, better transmission tiu a lity, and 
the longer iiaus miss Son distances of todays fiber-optic 
transmission systejns have created Ihe neeci tu niea.sure and 
analyze tliese low-level optica] signals. To measure low- level 
optical signals an uistnm^ent must be efficient and sensitive. 
To perfonn these measurements quickly is an added chal- 
lenge, Mso, miuiy times the polaiization state (i.e., die 
orientation of the electric field) of the input signal is either 
not known or%'ariabIe, Hence, the ins launent measurements 
should be relatively uisensitive to changes of the input 
polarization state. 

Because many applications find it usefol to filter an uipiit 
signal optically, an inslmmenl that can produce optical out- 
put should also have variable optical bandwidth, Wii h the 
need for more precise optical measurements, the iiti^trunieut 
should be repeatable and accurate ajtd be able to make these 
measurements in a standard tnstmmetit environment — with- 
out the need for an optics table. Finally, il would 1h^ cfirtve- 
nierU if the instrument that measmes these low-level signals 
cotild be small and nigged enough so that it cait be moved 
around w iUiout any s|:>ecia] care. 

The HP T1450A and 7145 lA optical spectrimi analyzers 
provide tbe features mentioned above by using a specially 
developed wavelength-selection scheme — the double-pass 
monochromator. A block diagram of these analyzers is 
shown in Fig. 1. This article describes the operation ajid 
performance of the double -pass monochromator and the 
operation and characteristics of the components in the data 
acquisition ajtd preceding system in Fig. I. 
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Fig. 1. Block diagram of the nii^or components in the HP 71450A 
aiid 7 1451 A optical spetlruiii analysers. 



Douhle-Pass Moiiochroinator 

A double-pass-monochroniator-based design was chosen for 
the HP 71450A kmd HP 7 1451 A optical spectinm analj'-zers 
rather than a spectronteter-biised desigit for two reasons. 
First, a single photodetcctor (which is w^hat tite monochro- 
mator uses) has ait inherent advantage over the detecrtor 
array of the spectrometer for close-in dynamic range mea- 
surements. The detector array also costs more 1 han a single 
detector. Second, a tnonocitromator puts less deiuand on the 
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Fig. 2. Tlu' elements of tJie double-pass mon<x*hroinator showing 
the liglii beani as II makes the two passes through the optk^al 
components. 

Optical system for inia^ng a large span of spatially dis- 
persed waveler>gths. The tioubie-pass nionochromator 
coiiflgiiraiion luither iiKreases I he elose-in d>Tiaitiic range 
of the instrument, essentially obtaining the range of two 
cascaded monochrontatom. 

A refractive optical system was chosen to reduce the size 
requirements of the monochromator so wy to mininiize the 
overall inslnnnenl siiee. Careful design of the refractive ele- 
ments has reduced the inlierent chromalir aljerrat ion.s asso- 
ciated with such systems to a toleral>le levef The inherent 
disadvantage of slower measurement ^eed because of scaiv 
ning with the diffractiou grating is reduced with a direel-drive 
sysh^m mid the properties of the douhle-pass configuratirjn, 

Operatioo. lite propagation of light through the systjem starts 
with the light enU'ring the [uonoctirortniior from die device 
under wtii (yee Fig. 2). This light is then relayed by the input 
connech>r a.ssembly (CI' in Fig. 2). The user end of this con- 
necU>r assembly is a fiat'j>olish physical contact with inter- 
chai^geable adapters to allow connectitjn t.o sluiidiuil niter 
interlaces. The motKicbromator end is an atigled interfat e lo 
air. Both interfaces miiumize reflections to the user etuf The 
hght then propagates towards the lens and is coUimated for 
illumination of the diftVaction griiting. The diffraction grat- 
ing is operated in very nearly a Lit trow condition^'' ant I can 
be rotated to the desired waveletigih. I'be light is dispersed 
by the diffraction gratitig and returns tbrougli the sanie lens 
to be reflected by the first platie mirror and imaged onto one 
of the apertures on the rotatable ajjerl ure wheel - . By ro- 
tatiiig the aperiiue wheel, different aperi me widths (slits J 
and hence resolulion baitdwidths can be selected by the 
user Once the light enters and leaves the aperture slit the 
llt^I pass of the thjuble-pass montjchromator is effet^lively 
complt'tte. 

The second pass starts when the light exits the aperture slit 
mid is reflected by the second phme mirror ujkI propagates 
through an achromatic half-wave plate I'. The half-wave 

' See "Qiftractmtt Qmlnf m p&ge 70 for a descriptlDn of the iittrow condition. 



pkte is onented so that it causes a 90-degree rotation of the 

s and p polarization components as defined with resj»ect to 
tl^e Imes on the diffraction gratiiig/^* The beam is again 
collimated by the same lens and again iQuminates the same 
di&action gratiiig. However^ because of the orientation of 
the first and set^ond mirrors with respect to (he dispersion 
direction of the diffraction grating, on the second pass 
through the system the hght is not dispersed any ftirther by 
the diffraction grating but is collapsed or recombined, creat- 
ing a filtered rephca of the input signal. This recombined 
beam ^ is then imaged by die lens onto a fiber after reflec- 
tion fiom a tMrd plane ntirror neiir the fiber This fiber, 
which is called tiie output fiber in Fig, 2, is a piece of multi- 
mode fiber that carries the fight to the photodetector for 
convei^ion into photocurrent for imaJysis and display An- 
other function of this output fiber is to act as a second aper- 
ture in the s>'stem. As ati r>ption, tltis hght can be directed to 
the front panel of the instnunent providing an optical outiiut 
for the user. In front of this output fiber. tJiere is also a mask 
wheel tJiat is coavial with the aperture sUt wheel and con- 
trolled by tlie smne motor. To measure the dm'k current of 
the photodetector, this mask wheel can be rotated such that 
the output signal is blocked. 

This double-pass monochromator system provides the high 
sensiti\ity typically found in a single-pass moitochromator 
system and the high dynamic range ty^jically foimd in a 
double monocliromaton Also, because of the half- wave 
plate, it provides excellent polarization insensitivity. 

Performance. Two main factors at feet the time it takes to 
make a swept measurement witJi an optical spectrum ana- 
lyzer. The first is the ability to move the diffraction grating 
quickly, and the second is tlie signal-to-noise ratio. The in- 
stnmient settings and die power of tlie user s input beam \^t11 
affect which of these two factors limits the meiisurement 
speed. For relatively medium to high po^\ cr levels, which 
are greater than microwatts ( >-i)0 dBm). the measurement 
spectl is usually limited by motor speed. For nieasuremeuts 
in which the user is conccntcd about power levels less thmi 
this, the tneasurement speed is usually limited by signal-to- 
noise ratio. Tin* ability Ui move the grating quickly precisely 
and reliably it^ the IIP 7145f)A and 71 IfilA analyzers Is pin- 
vided by a direct -tlrive system. Ttiis direct-drive system of- 
fers significant, intprovemeni in meiisurenumt speed for 
cases in which the measurement is limited by motor speed. 
Ttiis .system is described in the article on page 75. 

To minimize the measurement time for cases in which the 
signal-to-noise ratio is the limit ing fat'tor, it would l»e advanta- 
geous to maximize the signal-to-noise ratitj by maximizing the 
signal and muiimizing the noise. For a given inj>ut signal level 
the only way to maximize the signal without amplification is 
to minimize the loss through the system. This Ls achieved 
through die use of MgliJy efficient and low-loss optics to 
collect as much of the user's input signal as possible. 

TJte two main comjjoneuts t>f uoise are noise residting from 
scattereti light and electrical tioise IVom the phtjtodetcctor 
and its comjKHtents. To minimize die scatleretl ancJ stray ligln 
in the IIP 71450A atvd 7 1451 A analyzers, careful attention 

' See "Polanzarmn SensjtivJty'' w page 7 1 tar a description of fi and p pulatiiiiijnn 
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Diffraction Grating 



A ditffactioR grating is made up of an array of equidistant parallel siils (In tfie case 
of a ifsnsmissive grating) ot reflectors [in the case of a reflective grating). The 
spacing of the shrs or reflectors is on the order of the wavelength of the light for 

which the grating is intended to be used. The HP 71^50A and 7 145 1 A opticil 
spectrum analyzers use a reflective grating 

TliB basic operation of a diffraction grating begins when light that strikes the 
reflective lines of the grating is diffracted For a given wavelength there will be a 
certain angle at which tfie diffracted wavelets will be exactly one wavelength out 
of phase with one another and will add constmctivily \n B parallel wavefront (see 
Flg.l} 

The light of a given wavelength i eaves the grating at a specffic angie. and light of 

other wavelengths leaves the grating at other angles, Although it is based an a 
different principle, the diffraction grating spatiaify separates the waveiengths of 
tight that strike it much the way a prism separates the wavelengths of light that 
pass through it. 




Wavefrottt of 
Wavelength i.^ 



Fig. 1. The basic operation of a diffraction grating Incoming Jight strikes ttis riafiatrtivij grating 
producing diffracted wavelets Oiat are exactly one wavelength am erf phase wlih one another 
and add constructivaly in a parallel wavefmnt. 




Fig. 2k The diffraction QraT(ng in the 7145[)A and HP 71451 A optrcal spectnjm anaiyzers 
opa rates in a [^Dnfiguiation caliari a littrow condiiiDn m which the wavelersgih of interest 
travels back atang tt^e pati? ©l the incident beatri, 

The genera f equation for a diffraction graiing is: 

nl = Zd(sin« + sinp), 

where X is the wavelength of the light, d is the spacing of the Itnes on the grating. 
a is the angle of the incident light relative to the grating normgl, fi is the angle at 
which light of wavelength X leaves the grating, and n is an imager that is called 
the order pf the spectrum. 

When the wavelets are each one wavelength out of phase the spectrum is called 
a first'Order spectrum. At gnather angle where the wavelets are ail exactly two 
wavelengths nut of phase and w/ill also add constructively, the spectrum is called 
a second-order speciruTn. Higher-order spectra may also be present, 

In the HP 71450A and 71451 A optical spectrum anafyaers the diffraction grating is 
operated in a special configuration called the Littrow condition. In this arrange- 
ment, the w^avefength of interest leaves the diffraction gretrng and goes directly 
back along the path of the incident beam [see Fig 2). Thus, in the grabng equation 
u = ji [ = 6) {see Fig. 2) and the equation can be simplified to; 

nX = Zd sm 6. 



was paid to coating the optics. Also, careful analysis and 
attention Wiis paid to tlie absoiption and scattering of light 
because of lefleclioti!? from the input beani and the tUsperserl 
liglit Iroiii the graling reflecting off the internal surfaces of 
tlu^ iiionochronuitor. Tlie effect of this stray light is reduced 
Ihrougli liackgrouiid light subtraction (described later). 

The noise from the photodelector and its associated elec- 
tronics can be lowered by reducing the electrical bandwidth 
(\ideo biyidwidlh) of die detection system. There is of coiii'se 
a peiYalty in nteasurement time because of tlie need tii alJov^' 
the video bandwidth filters to settle. 

One way to minimize tiie noise power from tht^ phot<:idetec- 
t or without reducing the bandwidth is to use tlie smallest 
detector possible. An important feat me of tlie double-pass 
configuration is the ability' to use a relatively small detector, 
because on the second pass the beam is not dispersed but 



recombined. In fact, the detector need only be as large as 
the output image plus any wander or movement of the out- 
]jut image resulting from rotation of the dirj'raction gratuig 
during measurement. In asyimnetrical systetri with no me- 
chanical errors, theiT shotild be no mo\'ement of the oiitijul 
image as the grating rotates. Because complete elimination 
of iill mecIiatiuaJ eirors is not possible, eitiiertlie detector 
nmst be larger so that it does not miss the imiige when the 
grating rotates and the image moves ^ or there must be some 
itieans for the detector to track the mo\ ement of the output 
imager To keep the detector small, we have chosen to provide 
a meat IS for trac*king I lie outtjut image inovement in our ana- 
lyzers. Tins tracking mechanism is descrilied in die article 
on page SO. This smaller detector generates less inlierent 
noise antl tlms allows the use of a wider \1deo bandwidth 
with the benellt of a faster measurement oi sweep speed. 
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Another benefit of the small detector at the output is the 
ability to have a smaJl output aperture. A small output aper- 
ture coupled with tlie second pass through the system in- 
creases the close-in dynamic range. This is true whether the 
second pass is set up to further disperse the li^t or to re- 
combine the iigl'it (collapse the dispersion). Besides allow- 
ing a smaJJ detecton there are several other ad\ aritages to 
recombining the light on the second pass rather than fiuther 
dispersing the light First, the output aperture does not af- 
fect the optical or resolution bandwidth of the system. This 
IS solely dpiemiined by the first pass. Second, the iniierent 
time dispersion of tlie first t^a-ss is eancele<i» Because of the 
wa^'elength dispersion of the first pass, there has to be a 
corresponding time dispersion. Tliis can be seei> by noting 
that the grating is tilletl \^ith resjiect to the %vavefront illumi- 
nating the grating. Hence di^erent parts of the waxefront 
see differeril path lengths ^md different time delays. By re- 
combining tlie dispersed Ught on the second pass, this fime 
dispersion is cancele<l because of the inverse path lenglhs 
across the wavefront of the beam on the second pass wil \\ 
respect to ll^ai of the first pass. Fintiily, recombining light on 
the seconti pass results in an optical output that can be con- 
venienlly pro\1decl on ar^ optical fiber. In the configuration 
mentioned above, this ofHical output ha.s mi optical resolu- 
tion bandwidth thai is variable and seletiabic by the user 
and not limited It.y tIip oulput aperture. Thus, d\c full set of 
resolution band widths provided by the instmment are avail- 
able. This allows the user to use the monoehromator as a 
timable. variable-bandwidth optical filter or preselector 

The efficiency of the difTractlon grating in the IIP 7 1450 A 
m\d 71451 A optical spectrum aniilyzet>> is inherently det>cn- 
dent on the polaiization state of the light illuminating it. The 
grating is also the optical element with the largest loss in the 
system and the largest change in loss with input jmlariza- 
tion- Because tbe input polaiizatitm statt^ can be different 
for differeTil users mid can chiuige during a measurement ^ it 
is desirable to compensate foj' the ]jolarizaiioii (k'pendent 
efficiency. This is accomplished by rotating the s and p 
polarization components (See "Polarization Hensitjvjty" this 
page) liy l){\ degiees between the first and second (>asses, A 
rotation of 90 degrees \sill cavisp what was tbe s cf nnponent 
on the first refiection off tlie grating f fiist pass) tcj become 
tiie p cotnt^onent on tbe stu ond reflection off tlie giatiiig 
{second p^iss). This s^une excliange hapjiens for the p [joL^ir- 
ization. Thus the efficiency of the grating is always the (irod- 
uct of the s and p efficiencies of the grating for any input 
polarization. This compensation scheme also has the benefit 
of maintain ijvg the smiie degree of polarization oi the light. 
Therefore, the light at the optical output has the same de- 
gree of polarization as at tlie input beam, but not (lie same 
polarization, Tlie 90-degree rotation is accomplished by the 
achromatic half- wave plate- 
Data Aeqidsition and Processing 

After the inc<mung light bemn has been opt icaUy filtered by 
tbe double-pass monoehromator, the roTt^poncnts in the 
data acquisition and processing section of 1 1 u* IIP 71 iriOA 
and liF 7 1451 A optical spectnim aiuily/ers aic responsible 
for detecting the incoming light mxd converthigit to an elec- 
trical signal^ wliif^h is then fon verted lr> rligital fonnat ftir 
processing and display. Fig, :i shows componeuts iiu lulled 
it I this section of the optical spectnun analyjsers. 



Polarization Sensitnity 



PoEanzat on saisJtfvnv results tiecauss the fef lection toss of the diffractmn gratiiig 
iS stjnction of The polar : ' - Hghtlhatsthlces it As the polarizatifln 

3r.gfe fj* ^*^p 'KT^^t vanes the mocTochromstof Polan^^ hght 

zsT^^' ■ " :vw3 CQiTipon&rBis The: compofienl pafallel to the direction of 

ihe 1 1 =raciiQn qmimq js often labeled p polaTization, ar^ the compo- 

nent perpsnoiciiiar to the direction of the lines on the diffraction grating is often 
fatjeled s polar ratron The Joss at the diftrachon grating dftfers for the two tJiffef- 
ml pofaniations ajid each Joss vanes with wavelength At each wavelength, the 
loss of p polanieif light and the loss of s pofanzed light represerii the mrnimuni 
and maxirmjm losses possible for J i nearly polarked Jight At some wavalenfths, 
the loss expenefi-ced by p polarrzed light is greater than that of s polarized Itgtii. 
whfie at other wavelengths, the situation is reversed, This polarization sensitivtiy 
results in an amplitude uncertainty for measoremsnts of polarized light arvd is 
specified as pofanzation dependence, 

To reduce polarization sensilivfty m the HP 71450A and 71451 A optical spectrum 

analyzers, a halt- wave plate is located in The path of the optical signal between 
the first and second pass in the douhfe-psss monoehromator Isee Fig. 2 in accompa- 
nying article) This half-wave plate rotates the components of polarization by 90 
degrees. The result is that the component of polarization that receives the maxi- 
mom attenuation on the first pass will receive the minimum attenuation on the 
second pass, and vice versa 



Photo diode. As mentioned abovp, tiecausp of tlie niojioehro- 
niator's ability to produce a small output image it is possible 
to use a photodiode vnth a eoiTespondingly siiiaE artive ai'ea 
for electriciil detection, Tbis pilot odiode has die a<i vantage of 
baving a very larue shimt resistance (on the order of 1 GQ), 
winch allows detection of ver>' low light levels. Sensitivity at 
tbe |)fiDiodiode is anuntd -^Kl dBni when using a 100-MQ 
rransimpedance witli a lO-Hx video bandwidth. 

Tfie photodioile output current is directly projiorticaial to 
input optical power. Tlierefore, w^ben converting the photo- 
diode current into decibel units^ tbe base- 10 logarithm is 
n I lilt ip lied l>y 10 instead of 20 as would be done with electri- 
cal signals. A\\ electrical gains referred to in this article are 
ctjnt[>uteti Ihis way, For examj)ie, mi amplifier with a voltage 
giiin of too is referred to as having a gain of 2(J dB, iKJt 40 dB 
as IS usually done. This convention causes all electrical 
gains to be \iewed in teniis of optical powder levels. 

Trans tmpedance Amplifier. Tfie transitnped^ince aniplitier ib 
aji FET-inpiit innn<iUtliir IC lluii has very luw' input liias cur- 
rent (les,s dian I [lA maxirnmn ai room teini>eniUire) mwl 
veiy low input noise ((>(K) tiV mis, 1(J Hz to 10 kllz). The 
transinipedance iniipllfler's gain can be selected from six 
discrete feedback resistor Kel tings betwi^en 1 kQ and 100 
M£3 in decade increments. A lOO-MQ feeciback resistor is 
pemianently conriet led lo the arnplillei^ Five addilionai 
(lower) gains me available by connect iug otlier resistors in 
piiiaLIel with tbe first one. Shielded reed relays are used for 
this pnq^ose ^uid are located on the ibe low-impedajice (out- 
put ) side of the feedback iJatli. By local Ir^g the relays here, 
the effects of relay leakage cunents ^ire inhiirnized and less 
expensive relays can be used. 

Analog-to-Digital Converter. The data acquisition subsystem lias 
a lolal dynaiuit^ rnugc of 100 (!li UU dB t>f which is available 
Id any one lime A Ib-bil .XDC ruimiitg .il 27 kib. tH<ivides2ri 
dli ofdynamii' range wiMi about tl02 tIB <if restilutioti at die 
low end. By switching in a 25-dB innpUner (an electrical 
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voltage gain of 320:1), the effective input range of the ADC 
is iiiLTeased to 50 dB^ A comijarator decides whether the 
ADC' should coiwerl the output of the 25-dB antplifier or tfie 
unantt) lifted signal. If the oulpui froiti the iransinipedance 
amphfier is < 30 mV tlie amplifiefl signal is usett. 

The range of tratisintpedauce gains available (1 kQ to 100 
MQ) adds ai^ additional 50 dB to I he sped mot analyzers 
dynamic range. Tlxe fi mi ware takes advantage of this by 
offering a mode of operation in which i rattsimpedanee gains 
are automatically switched during a iiieasiirenient to keep 
the measured signal within range. This rnotle is called aiito- 
rtrnging. To giiar^intec adequate overlap bet. ween ranges ^ 
only 90 clB of the dynamic range is available during ariy one 
measurement. 

Detection and Sampling. The data acquisition hardware is 
capable of either saniplmg or peakHdetecting the transim- 
pedance amplifier s output, Peak detection is useful for 
catching narrow sigtials when the measiu^enient span is 
wide compared to the resolul ion bandwidth. Tht^ firmw^are 
digitally extends peak detection to capture the peak of many 
ADC readings taken for each trace data point. 

Wlien the haidware is set to sample deleclloi^, the finnware 
passes the .ADC readings through a single-i>o!e IIR (infinite 
input response) digital filter. By filtering .ADC readings. 



system noise is reduced and lower optical power levels can 
be measured. 

Grating Angle Measurement When a swept -wavelength mea- 
smement is taken, the motor control haidware is instructed 
to move the diffraction grating from tlie start wavelength 
angle to the stop wavelength angle at a const^ml angular 
velocity. This includes a certain amount t^f overs weep so 
thyt the molor reaches full velocity bef<jre Hie start wave- 
length atRl tloesnY start decelerating until alter the stop 
wavelength has been reached. 

During a measurement, the ADC samples at a constant 
frequency and the data laken must l>e correlated with the 
wa\'elength. Two tactors make a simple time eoirelat ion of 
ADC data with wavelength impractical. Fii^t, altliough the 
conimaiKl iniJiir to the grating motor controller (the cJesire^l 
diffraction grating angle) can be made to follow^ an accurate 
i\i\i\ predictalile velocity' profile, the problem is that to tiie 
degree of accuracy we require, which is less than an arc- 
setoncl, theactuiil tr^ijetlor^^ followed by the giating wiU 
exiubit substatitial and unpretliciable variations from the 
desired trajectory. Second, the relationship betw^een the 
diffraction j(rating angle and the wavelength is not linear. 
These two factors make a simple time correlation of ADC 
data with tlie wavelength impossible. 
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A simple solution is used to overcome these problems in the 
HP 71450A and 7 1451 A* When the data acqiiisifion sysiem 
lakes a sample* it also sends a signal to the fi if fraction grat- 
ing motor control hardware. This signal causes tite actual 
angle of the grating to be sf ored. T\w fimiware can then 
read the angle and detennine the waveiength when the ADC 
conversion is finished. 

The diffraction grating motor system is described in the 
article on page 75. 

Data Representation^ The digital signal processor processes 
data as 24-bil or 48-hii signed fixed-point fractions. The left- 
most bit (bit 23) Ls tite sign bit aitd the radix point is as- 
sumed to be just to the left of the niost-signifteant data bit 
(bit 22). With 24-bit data, the least -significant bit is equal to 
S"-^ and I be range of numbers Uiat cati be represented is 
-Itol-^-^-^. 

Amplitude tlata is represented by a 48-bit signed fraction. 
Tlie maximum ADC reading at the lowest-gain transimped- 
ance without using the 2r5HiB gain block is scaled to 0,5. 
Readings taken from the 25h1B gain block or wiih other 
transhiiperianres are scaled acconlingly This data represen- 
tation has a dynamic range of about 120 dB with 0.02 dB of 
resolution at tiie low end. 

Zeroing and Chop pi fig. Mostly because of drift in the analog 
hardware such as op-amp input offset voltages and cun'ents, 
the ADC reading corresponding to zero optictil input power 
changes with litne. To compensale for Ibis, the firm%vare 
periodieally remeasures the ^ero-input ADC reading. U tioes 
this by rotating tlie aperture wheel to a point iialfway be- 
tween two apertiyes (slits). This blocks hghl fR)m making 
the second pass tlirough the monocltromafor. It also bloc^ks 
nearly all stray light from entering tlie out]3ut fiber because 
the out^mt mask wheel has no hole at this position. Nor- 
mally, this operation is rarried out ciiiring retrace, and the 
time spent rez^Toing varies with instrument settings (from 
less than 200 ms to several seconds). 

The optical specttum analyzer's dynamic ratige caji be limited 
by stray light in the monochroniator when large signals are 
present at other wavelengths. Stray liglil from liigli-level 
signals can enter the monocluoniator output fiber atid mask 
a low-level signal. It turns out tbat stray hght in tiie inono- 
chromator is unifontiiy disti1l>uted over any given small 
area. One of these areas is the smaJl area surrounding the 
output beam. Because of this fact tJie finnware can displace 
the output fiber away from the output beam and get an accu- 
rate estimate of the stray light level at the output beam. Tlie 
St ray iight level can then be subtracted from measurements 
of the otttput beam amphtutle to increase overall dyntmiic 
range* This is the backgromid light suhtraction technique 
mentioned earlier. More details about this technique are 
given in the article on page 80. 

In our implementation, the two-axis micropositioner, whiclt 
positions the output fiber, is cli tipped between its normal 
position and a displaced position. Ttie ADC readings from 
these two fiber locations are subtracted tc^ (UTIvp at a mea- 
surement that is much less sensitive to stray light levels in- 
sifle the rnonochromator Chopjujig nins at a 2t)-Hz rate and 
is aul omat ically enabled whenever at least oi\e chop cycle 
<:an be executed per trace bucket. 



Digrtal Data Processing. The miyoritj^ of processing performed 
on AL>C data occui^ inside the ADC interrupt service routines 
nmning in the data acquisition processor. Amphtude-versus- 
waveiength (Oaineas ) correi"! ions and conversion of hnear 
amplitudes to dBm are the only t^vo opejatioi^ that do not 
occur during intemipt servicing. All measurejnent data sent 
to the main processor is in dBm units. The main processor 
converts Uie data back to linear imits when a linear amplitude 
display is requested. 

The exact processing performed on ADC data during inter- 
rupt servicing varies depending on instrument settings. Most 
of this variation is accommodated by pro\iding tiifferent 
intemipt service routines to process ADC data for different 
modes of operation. This reduces prot^essing time because 
the interrupt service routine does not ha\ e to speiKl time 
figuring out what mode tlie inslnmient is in. Some instm- 
ment settings are exammed during interrupt senicmg. For 
example, examining w hether aiitoranging is enabled. These 
tests do not incur a large perfom^tance penalty. 

The interrupt service routine also updates the output fiber 
micropositioner DACs as necessaiy during a meastuement. 
This causes the output fiber to track the output be^uivs 
movement as the diffi-action gratmg rotates. 

Digital Signal Processing. The data acquisition section is con- 
trolled l^y a Motorola DSP5fiO00 digital signal processor. It 
runs with a 20-MFiz clock and topically executes mstnic- 
rioiis at a 5- to 10-MHz rate (t^^o-word instructions require 
200 ns to execute J, Many DSP56000 instructions kirt^ capable 
of performing an /\LU operation and mo\ing two words of 
data to or from different memor>' spaces in one iTistniclion 
cycle. The processor also has a memory expatisitjn p<^rt, a 
lu>st incerface port, which is used to communicate with the 
main processor, and a duiil serial int erfaf:e [lort, wliich Ls 
used to receive ADC data. 

The DSP56000 has access to four different memory spaces, 
one for prognmi instructions (P)h two for data sloragt' fX and 
Y}f and one for long word tlata storage (L). The b niemory 
space is not actually st^parate, but consists of the X and Y 
spa<-es concau^iaU'tl. The processor also has a small junomit 
of internal program and dula niciiKJiy Accesses to intenial 
data memory are faster than for external memory so most of 
tiie data used l>y ictemipt service routmes is located there. 

The DSP50000 is provided with a full complemenl (64K 
w^ords''") of external progr^un RAM iuk] 16K wortls of X and Y 
data RAM. I/O is memory mapped at the upper end of Y 
memory and the DSP56000 i>rovides low-overhead uistriic- 
tions lit access tliis memoiy iu'ca, 1 6K bytes of each X and Y 
nientory sjiace provides access lo tw^o ROMs containuig 
calibration data. One ROM is used for Oie rnonochromator 
and the other for the data acquisition printerl circuit board. 

To avoid excessive bus loading, the DSP560()0's memory 
expaJision port is buffered to fomi a i)eripheral bus If) which 
tiie calibration ROMs and all peripheral devices aj e con- 
nected. Peripherals connected to this btLs include the dif- 
fraction grating motor controller, the aperttn^ wheel motor 
controller, the fiber micropositioner DACs, the current 
source contcol registers, and the ADC uiterface registers. 

' One wqfd^a?4 bits wicis. 
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The DSP56000's host interface bus is connected to the main 
processor thrtjugh fwr> lt3-bil buses and a state macliiiie. 
Tht^ state macliint^ allows the main processor to write to the 
DSPBtiOOO's hfist input registers by placing 8 hits of data ant! 
a 347it register nuniber onto a lf?-hit control bus (only 1 1 t.if 
the 16 bits are used). When the DSP56{)00 has data to send 
to the niaJn jirocessor, the slate niaclime reads t!iree S-bit 
host registers and formats the 24-bit result as two 16-bit data 
tratLsfers over the main processor's input bus. 

The DSP56()U(rs fimiware is written in V for most control 
fimctious and ^issembly iartjJyage txjr tiiue-crilical data pro- 
cessing functions, it is stored in compressed format in the 
main proceshiur's ROM. Duriug [jower-np, the main ]>roces- 
*?Dr decon\j>resses and dow^nloads the funiwaix^ into die 
DSP5fiO00. 

Main Processor. The main processor s printed circuit board [^ 
identical to the processor board used in the IIP 70900B loctii 
oscillator niodiUe. Using this pruned circmt board aOowed us 
to take advantage of the thousands of engineering hours that 
havi* gone into the tlie IIP 70900 modular spectrum antilyzer 
fimiw^are. 

Tlie main j Processor board contains m\ MC (38020 CPU ninning 
at :^0 MHz. and an M(:68881 iloating-poini coprocessor The 
board iilso accepts a plug-in tiaughter board which Is cur- 
rently loaded witli IM byte of ROM and IM byte of RPM. 

Tlie main processor board has two ur>i directional 10-bit 
buses (one out pnu one inpni }, which are used to inteiface to 
otiier [jriuled circuit i>oards in Ibe HP 7090()B local oscilla- 
tor module. Uuring the mvestigation pliase of tJiis project, 
we deternrined that we roidd build a state maclune to inter- 
face these ti^vo buses with the DSPSGOOO's host inteiface. 
Since the HP 70900 coud'olled its measurement hardw^aie 



over these two buses, we w^ere able to substitute the optical 
spectrum ^maiyzer's hardware v^itbout major changes in the 
HP 7090(J linnware. This iirrangement alli>ws the DSP56000 
to handle bairlw^are control and data an[uisition tasks, and 
tire IIP 70900 linuwaie to prowle liigh-level ttser interface 
functions. 

Originally, nearly ail of the HP 70900 firmware access to 
external hanlware went through a firmware moilule called 
tire local oscillator slave. By rep!a( irtg tlie LO slave module 
with our own slave module, we were able to use the HP 
70900 finnwaie with suiprisingly lit! le aiteratioiL Some addi- 
tioiral work was required to add wavelength units and other 
spectnnri-analyzer-speeifie functions to tlie user interface. 

The HP 70900B local oscillator module aird the IIP 7I450A 
aufl 7 1451 A optical spect nnu iiJtaiyzers arp now shipped 
wiih identical mnin coul roller l)oards and identical firni- 
ware, Diuiugi>ower"On, the firm ware checks to see which 
external hardware is present and configures itself as eitfier a 
local oscillator or an optical sped nun analyzer Tliis has thc^ 
additional advaiUage In that features adtled to ihe HP 70900 
finnwaie are available in fjoth the local oscillator and the 
optical spect ruui analysers, 
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A High-Resolution Direct-Drive 
Diffraction Grating Rotation System 

Creating a high-resolution, high-speed positioning svstem that can provide 
over two miliion data points per revolution of the diffraction grating 
required a design that is much different from the gear-reduction 
positioning systems typically used in optical spectrum analyzers. 

by Joseph N. West and J, Douglas Kjught 



The waveleng!h tuninj* of the double-pass monocIiTomator 
used in tlie HP 7 1450 A aiid 7 1451 A optical spectrum analyz- 
ers is controlled by the angular position of the diffraction 
grating. After the input beam is colhmated by the lens, it 
strikes the dilTrarTujn grating, wliere each waveleriglh is <.lis- 
persed at a differem an^le. Por eacli angle of the diffraction 
grating a eorresjionding wavelet^glh is piissed back through 
the optics and fociLsed on the center of the first-pass aperture 
(slil ). The width of the slit detennines the resolution hand- 
wiflth of the wavelengths that pass through the remainder of 
the system to the detector. Rotatmg the giating causes the 
dispersed wavclengtlis to sweep across the slit, making the 
monochromator act as a timable fdter. Fig, 1 show^s the 
housing that contains the optical and electiXHuechtuiical 
components that make up the double-pass nujnochroniator 
assembly. 

Ttie angulai' resolution requirements for the gi'ating position- 
uig system in the monocliromator can be determined by 
calculating the relationship between the tmgular position of 
Hie diffraction grating relative to tlie col lima ti^d light and the 
spatial disiiersion of the light at (lie resolutiiKi handwitldi sliL 

Using the grating equation'*' for a st'anning monochromator 
like tlie one used in the HP 7I450A ant I 7 1451 A optic^d sjiec- 
tnini anal>^.erSi r'oughly f^OO microradiiULs (jffiif fraction grat- 
ing rotiition per nanometer of optical dlsjiei-sion (at 13O0 mn) 
can be calculated. To represent narrow signaLs, it Ls desirable 
to have at least sbct een data points across the narrowest reso- 
lution bandwidth of the instnunent (0.08 nm). Tliis translates 
to 200 data points per nanometer of dispersion. Dividing 000 
microradians by 200 points gives an angular resolution re- 
quirement of ahoul three microradians (0.00017 degree) per 
pomt, or about 2,100,000 data points per revolution of the 
diffi^ction grating. 

Conventionai Methods 

Tlie tratiitional a|)[)roach to luijlding sticfi a higlvresolution 
positioning system is to use large anioujits of gear reduction 
(see Mg. 2). This is the approach used in u)ost older optical 
speclmni ;inalyzers. In these systems there are conunonly 
two stages of geai- reduction. The first stage might corLsisf of 
a planetaj'y geailiead with a re(hiction of about 20:1 which 
would be folk J wed by a worm drive witlum addititinal le- 
duction of about ;]0:1 for a totiil geai" redialion ofalnrnt 

' See 'DJffraciioo Grating" on page 70, 



600:1. The advantage of this approach is that it reduces the 
resolution requirements of tlie piimar>' feedback device, often 
an optical encoder it is possible to get away witji tjsing a 
fairly low-technolog:^, hO(K)-Iine TFL^utput encoder Ixjokuig 
at eveiy ^ero crossing from the two quadrature channels of 
this encoder gives a resolution of 4.000 counts per revolution 
of liie encoder which combined with the 600:1 gear reduction 
provides sufficient resolution to position a diffi-action grating. 

However, the gear reduction approach has several draw- 
hacks. One of these is speed. With a 600: 1 gear reduction. 
\\\e diffrat tiori grating is rotating at only i/t^OO the speed of 
the motor Similarly, the acceleration of die diffraction grat- 
uig is only 1/600 die acceleration of tlie motor Mo\4ng the 
diffraction grathig at any significant speed requires that the 
motor and gear train be accelerated to ver>^ high speeds. 
Reversmg the dkection of the grathig requires decelerating 
the motor and gcai" train and accelerating them to high 
speeds m the opposite diret tion, In i\m past this speed pen- 
alty came to be accepted as inevitable because no alternative 
was generally available for such a high-resolution system. 

A .second drawback to the gear reduction approach is back- 
lash. Backlash is the slo[) cxhihited by a gear train when the 
direction of rotation changes and the gem's i^iange from 
contact on one gear tace to contact on the opposite getir 
face. A number of techniques can be applied to inintmize 
liackiash in a system. These leclnufjues generally consist of 
a method for eompliandy loadiug tlu' gear train to ensure 
that the smne gciu' faces remain in contact regardless of the 
direction of rotatioiL Fig. ii shows a simple sjn'ing used to 
reduce backlash in a systejii that rotates over a sutjill angle. 
Obviously, in a hHl-rolalioii sysletn a more complicated 
sclieme is required. These anlihacklaHli onhiiiques help, but 
do not eliminate backlash. Even though the same gear faces 
remain in contact, as the gear trahi reverses direction lubri- 
cants are smeared in im opposite direction mmI the bearings 
tiiat supptjrt the gears ;ire deflected in an o|jposiie dhcciirirL 
For a higli-resolution system, some degree of backlash will 
still be evident. 

A third diawhack of geared systems is susceptibility to errors 
caused by wear or by changes in eniironmental conditions, 
hi a ty(3ical gear-reduction system, the aTigul!U'i:iosition of 
the drive motor is monitore<l witli an o[>iiciil encoder The 
miguiai" position of the thffraction grating is nol measured 
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Fig. 1. The Itousing for the optical ajui eleetromeclianicai componenEs in the HP 71450Aaiid 71 451 A optical spectnim analyzers. The 
dimensions for the housing an' 80 mm (3 J 5 in) high, IBU mm (6 in) wide, and 400 mni (15.75 m) long. 
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Fig. 2. A mmu dtivt* gratiitg rotation system typically used in optical 
sf>ectruiit analy^stTs. 

directlyr but is inferred from the motor position and the gear 
ratio. As gears wear or expand and con trad with tempera- 
ture, or as lubricant viscosities incrcEise over time, the ac- 
tual position of the diffraction gratinj^ relative to the motor 
position will c^han^t*. Periofiic reralibration is needed to 
coiTecl thes** erroiK. 

Direct-Drive Grating Rotation System 
Based on the drawbaeks n^entioned above, tJie decision was 
made to u.se a direct-tlrive, direct-readoul grating rotation 
system in HI*'s dotible-pass scaitnuig monochroiiiator Fig. 4 
shows this system. A drive motor and a rotarj' optical en- 
coder are directly attacfved to the shaft t[>at holds the dif- 
fraction grating. This system has the following advantages: 

► Direct measurenietii of the iingie of die diffraction grating 

' No errors fnjtn barkUish oi "vvind-up" iltdlections in the 
ge^ir train 

' No siisce]ilihihty to weaj' and much less sensitivity to 
environn lental chang^^-s 

* Speedy compactness, and ruggechtess. 

Implementing a high-resohition direct-cirive, direci-readoiit 
system placed some stringent rectuiremenis tm tlie cojuih)- 
nenis used ajid the tlesign prt>cess. l\vo things were re- 
quired. The fn-st w;js a Itigi^-torgnc Jitolor for fast starting 
and stopping and liigh-speed scanning. The motor we chose 
isafraiiuHcss, bmshless dv motor. Tlie pemumetit magnet 
rotor uses strung rcne-e;mti magnels and mourns threctly to 
the diffraction grating shaft. Tiie stator mounts to the lixed 
otiter housing wfiere hcai cmi \w dissipated in a controlled 
mmuier. Tht^ mutur is brushlcss so there will be no debris 




Fig. 3. Backlash is tlie slop exhibilori by a ^oar train when the dirpc- 
Liun of intalitjtt thanges and the gears ch;inge fronr contact on ont 
gear facf* to nontact on die opposite gear lace. A siinple spring can be 
uscfl to reduce backlash in a sj^stem lb«it rotates over a small angle. 





Fig, 4. The dircct'dnve, direct-r<?iidoiit. grating rt)t.ation nyst em used 
in llic ihiijh]<-*-[ias.s jin:»norfirE)iMafor 
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geiieratecJ by brushes wefiriiig kmd no maintenance (brush 
replacement ) over llie life of the instnimeiit. In iiddition, 
hnishless lU^ niotcirH have an advantage over conventional 
Irnisfi-type motors in that there is rH> Friction tieraiise of 
niljbing liet ween t he eoinjiiuiaior anti tlie bnishes. Friction 
is a problem in tlie control of high-resolution systems, 

x4 second, and more difiicult requirement is a high -resolution, 
optical-encoder-ljasefi measurement sysieni that is able to 
resolve directly nit>re thaji two luilhon point.s per revolution 
of the diffraction grating. Biiikling sucli a sysleni involved 
searching for the latest in optical encoder technology' and 
t hen applying considerable design effort to accompUsh tlie 
necessary resolution goals. 

The encoder used in our system is a sine wave (napul incre- 
mental rotaiy optical encoder with 9^)(](\ lines on the roiatiiig 
disk. In mi incremental eii< oder a sin^h' light sniiree, lypically 
a hghi emitting diode, shines a beam of liglit dirougli a rotat- 
ing disk that contains radial slits which alternately transmit 
or block the light. The light passing throui|h tlu* slits is de- 
tected by I wo sets of [>hotodetet: tin's thai cojiv(^t1 tire light 
inlo eieitrical signals- Before Iiitting Ihephotodcteclors, the 
light also passes througli a phase plate conUiining tw^o addi- 
tional patteniiS of slits, Tliese two patterns are offset slightly 
relative to one auoTlier so that the signals received by the 
two sets of phoin<iet(^rlors are 9f) degrees oul of phase. The 
Quadrature relatiojiship of the signals makes it possible for 
the user to know^ tiie direction of rcjtation of the encoder by 
looking at which channel is 1 parting by 90 tiegrees and whit^h 
c^hanjiel is lagging. There is also a thirci climniel t hat pro- 
vides an index pulse once per revolution for dctenninmg 
absolute position. The outputs of the main A and B channels 
are very close to sinusoidal (see Fig, 5). 

Each zero crossing of the A and B (^harmeLs increments or 
decrements a position comiter to provide co^use position 
information, depending on tiie relative phase of the A and B 
channels* To increase the resolution beyond the usual 4 x 
linecount value j a process called interpolation is used. Be- 
cause the signals are sinusoidal, I here is additional analog 
information between /.ero cros.sings whicii can be extracted. 
Cormtiercijil cijcuits me available that perform the in terii illa- 
tion function, but they typically liave iniertjolat ion ratios that 
are convenient numbers in the base 10 number system^ such 
as 5x or 50k For a digital control scheme, it is more conve- 
nient to have an inteqiolation ralio that is an integer power 
of two. Tlie IIP 71 150A and 7 1451 A optical spectnmi iuralyi- 
ers use an inleriJolation ratio of 64:1 (actually 256:1 for tlata 
acquisition, but the two iowest-order bits ai'e not used for 




B 






Fig. i\. A hliick diagram of tht' closed loop diffraction grating system. 

control). Tliis gives a resolution of 9000 x 4 x M = 2,304,000 
counts per revohnion determined directly from the encoder. 

hneipolation in this design is achit^ved by lunplifying the 
I wo sinusoidal outjjuis of the encoder until the mininujin 
and maximum values are just within the range of tm imalog- 
to-digital converter (Al)("), The outputs of the ADC are tlien 
a digital representation «>f the sine mnl cosine signals. The 
ratio of the two digitized outputs is the tangent of the migle. 
By looking up the ratio in an arctangent table^ liie iiiigle thai 
Ls the interpolated fractional position between the snie and 
cosine zero crossings can be found, Tlie accuracy of the 
interpolation is de [pendent upon I he degree of disloil ii>n in 
the sine mid cosine signals, the phase migle between them, 
and tiie number of resolvable bits in the antilog-to-digital 
conversion process. 

One of the problems encountered in controlling high- 
resolution systems sucti as tiiis is the change in Ijehavlor of 
the fncdon in the system as tlie system changt^'S from moving 
to a fixt^d position. This happens when the grating is either 
tuned to a fixed wavelength in zerrj sjian or it is momentm'iJy 
stoppetl while chmigmg directions af the beginning tjr end of 
a sweep. The degree of resolution is so fine that the differ- 
ence tvetween the static case mid llie dynamic Ciise becomes 
readily apparent. 

Wliile the system is in motion, that is, ser^fjing to a mo\ing 
tai'get position, the friction is a nicely behaved linem' dmnp- 
ing term. The rotational inertia of the system interacting 
with the motor winduig resistaiTce foniw a simple pole. 
Til ere is also a pole at zero frequency since a constmU input 
voltage lo tJie motor gives a steadily increiising angular posi- 
tion. 'Hns is a fairly simple system to close a ser%^o loop 
around (see Rg. 6). Fig. 7a shows the open-loop frequency 
response of the system while in motion. Tlie noisy measure- 
ment at frequencies below I Mz is because of a signal-to- 
noise ratio problem in this partit ular measurement and not 
mi indication of the actnaJ low-frequeiK*y response. 

When the system is sen oing to a fixed target position, static 
friction will lock the pieces together. Tlie elastic beha\1or of 
the pieces tlien changes the system behavior to that of a 
spring-mass system with a complex pole paii; Fig. 7b shows 
die measmed loop characteristics of the system wlien it is 
servoing to a fixed target position. Again, th^ entire open- 
loop response is showii, not jusi the rotor chiiracteristics. 



Fig, 5. Electrical outputs from tJie optical .shaft encoder 
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Fig, 7, Frpquwiey res;xjnse of thr diflractian gmtiiig ml^itur (a) when 
the target position is moving and (b) whctn tli<> target position ts fixed. 



Hie spdng-mass resonance in the fixed position is readily 

apparent from the peak in the magnitude re^onse at dO Hz, 

The loix|iie required to break tlie s>^tem loose from a fixed 
position to rotation is not a well-known value. The besi that 
ran t>e done is to speeiiy the maximum breakaway torque of 
the mechanical elements and ihen desigit ihe t ontrol system 
so thai it is able to deal with the system breaking fi^e at 
some lower torque. The amount of breakaway torque will 
vary depenciing on the t>osJtion of the s>^stem, the current 
envlronmentaJ conditioas, and other variables. 

At ver>^ low rotation rates, the system rapidly jum|>s between 
ser%^oing to a moving target position or to a feed target posl- 
tion. If the loop is not compensated to take this change of 
behavior into account, the result can be a system that is 
stable when moving but tliat osciilates wl\en it senos at a 
fixed position. 

hi our design we found a single set of loop compensation 
values that provide a stable response for either operatuig 
mode, ensuring that the system works well under all 
conditions. 

Conclusion 

Direct-drive teclmologj^ has been apphed ^vith great success 
in a nmnber of mdustiial app heat ions rmigmg frorti phono- 
graph turntables to industrial robots and mQitai^ gym \ uirels. 
Applying these teclmiques to an optical s[:>(fclrinu analyser 
produces a sj^stem thai provides fast, accurate, aitd reliable 
rotation of the diffraction grab tig, arKl with regard to tnotion 
coiiUol, briiigs the latest technology to optical spectrum 
analysis. 
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A Two-Axis Micropositioner for 
Optical Fiber Alignment 

A positioning system with submicron resolution is used to keep the output 
fiber accurately aligned with the light coming out of the monochromator 
during movement of the diffraction grating. 

by J. Douglas Knight and Joseph N. West 



'Hie fiouble-pass nionochro!Tuitor design used in tlip HP 
7145UA and 7 1451 A optical spectrum analyi^ers ollVrs a nuiii- 
ber of performance atKaittages over coiupeting rnunotltrcj- 
mator designs. Several of lltese performance advanlages 
come from the secondary fillering effects of the optical fiber 
used at the output of the secojul pass of the inonocbronia- 
tor. The limited cross-sectional area arid limited minierical 
aperture of the fiber help reject stray li||!il, ^ivin^ good dy- 
najiuc range performaHte and good spurious res[>onse n\jec- 
tion. tloupting the hglit into fiber also allows the use of a 
small, low-noise phot od elector which results in excellent 
sensitivity even witti rapid sweep speeds and minimal video 
filtering. Ill addition, going into fiber allows the iiistrunienl 
to liave an optical monociinmiator output that offei's botli 
fixed -wavelength iind sw^ept-w^avelength modes of operation 
with a full range of resolution bandwidtlis selectable by the 
user Tliese advantages are sigmficanlj but designing a sys- 
tetu to keep I be output fiber accurately aligned with the 
light coming out of the monochromal or during sweeps 
proved to be a conslderal>le design cluillenge. 

The Positioning Problem 

Ideiitly, in a perfectly s>in metric double-pass nionoctironiator 
the si)ot of light at tlie output of the second pass would not 
ntove. However, in reality, as the diffraction grating rotates 
m\d the instrument sweeps in wavelength, the spot of light 
at the output of the monochromator does move slightly in 
two dimensions. It is therefore necessary to track the mov- 
ing spot witli the output fiber to captme the light completely 
and to realize tiie desired filtering effects. 

fn the dispersion direction (y-axis in our implenientatian) 
the movement of the output sjjot is the result of asynimetiy 
in t lie system. The second tiass is fart her off the axis of the 
lens than the first pass. This asynmietiy is necessary to 
avoid picking up light from tlie first pass with the photode- 
tector Tlie movement in the y'a>ds is predicted by tlieoiy 
and is consistent froj!i unit to umt. 

h\ the nondispeision direction (x-axis), the movement of the 
output si>ot is the result of nianufactming tolerances that 
cause tlie lines of the diffraction grating not to be perfectly 
parallel to the axis of rotation of the diffraction gratmg (see 
Fig. 1). F*aralleiism and penjendlculmty of critical parts in 
the grating rotator assembly are aligned to vciy close toler- 
ances. Even so. tens of niicromelei^ of bt^ani mo\ ement still 
result. If the lines of die grating are not perfectly piii'allel to 



the axis of rotation, the tines of the giatiitg will precess'*' 
about the axis of rotation as the grating rotates^ causing the 
output Sfjot to move in the x-axis. For a given monochroma- 
tor this movement Ls very repeatable and trackiixg is possible 
with a precise [>osilioning device. 

TVacking the Output Spot 

Once it wiis determined that a micropositioning device was 
necessary to track thi' output spot, other advantages f if hav- 
ing such a device were envisioned. ( )ne advantage is noise 
and stray light cancellation. Most systems that attempt to do 
noise cancellation (*hop the optical signal with an aperture 
that altemately passes or blocks the hgbt t(j the dete<tor 
WheJi the light to the detector is lilorked it is po.ssible to mea- 
sure the electrical noise of the detection .system w^hich can 
be subtracted from the reading obtained when the apertm"e 
passes Ught to the detector. 

UTien the aperi.ure passes light to the detector, the output 
of the deiet ii<jn system represents signal + stray light -t- 
eleetriral noise. Subtracting electJical noise leaves signal + 
stray liglit. 

" PrftCfis-sion rs the type of moriofi ej<pefiencEd by a gv^Q scape or top when 3 force is applied a\ 
right angles to ihe axis Df rotation 



Dispefsion 
Directiofi 




^..^ Grating 
tines 



Fig. L A diffraction grating in wUit^h tiie liiws of the grating m^ not 
perfectly parallel to the grating's axis of rotation. This slight iiiis- 
alignment will cause movement of the output spot in the x-axis. 
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\Mth a fast and accumte microposrtioner at the output of the 

monochroniator k is possible to perform another kind of 
opticaJ chopping to remove both electriciil noise and stray 
liglit- If we assume that the stray light is relatively uniform 
in the region around the output spot as it might be in the 
rase of scatter from opucaJ components and difftise reflec- 
tions from the inside of the monoehromator cavity, physi- 
cally moving tlie output fiber laterally away from the output 
beam would allow a measurement to be made of stray light 
+ elect ncal noise. Alternately moving the output fiber into 
and out of the output beam allow s the stray hglit + electrical 
noise term to be subtracted from the signal + stray light + 
electrical noise tenn leading only the si^ial vaJue. Tlie digital 
signal processor described in the article on page ^ controls 
the microposi tinner iuid perfonn.s the siibtracikjn of stray 
light and electrical noise from the measurement Tills mode 
is activated automatically in the HP TU'iOA atid 7I451A ana- 
lyzers when the user requests a very seasitive setting that 
results in a sweep time greater than 40 seconds. 

Having an electrically actuated micropositioner at the output 
of the monochromator also eliminates the need for the user 
to make maiiual at^justments to the second-pass aperture 
(output fiber) relative to the first-pass ai>erture (slit) to 
luaitUaiu signal synnueiry^ or to acijosl the optical output of 
I he HP 7 1451 A for fiber-in/flber-out measurements/^ Most 
optical spectnnn analyzers thai ha\'e doiiljle monochroma- 
tors requiie the user io afyiisf rlie o|>tlcal output for maxi- 
mum signal stiength at a given wavelength nil h manual 
micrometers. With tiie HP optical spectiiim ajialyzera, out- 
put coupihig is automatically mauitained over the entire 
wavelength range, If the instnmient is dropped or experi- 
ences significant changes in temperature, there is an ALITO 
ALItiN key on Ihe front pimel of \he Instruntent that the tiser 
can [Hisli to initiate i:m alignment routiue to ensure that 
optimum output coupling is reestablished, 

I mplem e n tjition 

To couple light into the output fiber efficiently, the fiber 
must be accurately held in the output focal plane of the 
monochromator while it is aligned to the spot within frac- 
tions of a micrometer. Tlie ourt>ut liber must \iv able to track 
the movement of the spot smoothly as the instnmient 
sweei^s. Thus, the micropositioner must have the following 
chiuact eristics: 

• Sul>niicrometer resolution 

• Smooth operation (no roughness from rolling elements) 

• No friction from sUding members 

• No screw or gear backlash 

• Coiupact size 

• Imnmnity to changes in orientation relative to gravity 

• Some insensiti\1ty to vibration and environmental 
disaarbances 

• Negligible movement in the z-axis while moving in the 
X-axis and the y-axis 

• Approximately ±175 uni of I ravel in each axis 

• Remote activation 

• Fast response time. 

The micropositioner design used in our double-pass 
monochromator consists of a tw^o-axis planar flexure plate 
actuated by voice coil hnear actuators with strain gauges 
mounted on tiie flexing beams to sense the deflections of 

• ThB HP 714K3A do&&nt provide tuslQinar access to the monachromator outpul fiber. 



those beams and therefore the displacement of the fiber 
(Rg. 2a), The strain gauges and the linear actuator associ- 
ated with each 4ixis together form a closed-loop position 
servo s>"stem (Fig^ 2b). The displacement of each tixls of the 
micropositioner Js detemiined by the targer position, wliich 
comes from tise calibration ROMs in the data acquisition 
unit described in the article on page 68. These HOMs contain 
factory calibrated x-y position values (described below) that 
are correlated with the angular position of ihe diffiaction 
grating. To select a particular target position, the data acqui- 
sition unit computes the wavelength associated with the 
current position of the ciiffrattion grating and uses tliis 
wavelength to index into the calibration ROMs to retrieve 
the x-y pair associated \^ith tJie wavelength of interest. Each 
x-y pair is sent to the appropriate 12-bit ctigital-to-analog 
converter where it is conveiled to a voltage and appUed as 
reference input to the micropositioner ser%^o system shown 
m Fig. 2b. Tlie voltage value from the converter is propor- 
tional to the displacement each axis must make to keep the 
output fiber aligned w ith the light coming out of the mono- 
chromator during movement of the diffraction grating. 

Flexure Plate. The flexme plate used m the micropositioner 
cotisists of a frame- within-a-frame design (see Fig. 3). The 
outer frame mounts rigidly to the monochromator housing 
shown in Fig. 1 on page 76. A four-bar (parallelogram) flex- 
ure linkage connects the inner frame to the outer hcime anrl 
guides tiie inner frame in x-axis motion. A second four-l>ai' 
Oexure linkage connects the fiber mounting coU^-"^'^ to the 
inner frame and guides the fiber mounting collar in y-axis 
motion. Actually the iruier frame and the fiber iiTounting 
collar each move in ati arc, but for small displacements the 
motion is close to linear During calibration at the factor^' the 
X atifl y locations of the micropositioner sue recorded for 
each angular grating position . [r is the aJ>ilit>' of the positioner 
to repeat to these preset t>ositicjns tlial is iniiiortant and uoi 
the ability to reach absolute locations in Cartesian space. 

Flexures *>f various tyi^es have heen vised in designs for mmiy 
years. The term flexure refers to ;in assembly composed of 
one or more flexible hinges tnade of an elastic material, 
which is tjiJic^ally a tnetal that deflects within its elastic^ 
range. Flexure assemblies are sometunes constructed from 
sUips nf rtieiai such as heiyllium copper or phosphor iironze. 
Flexures can also he made by uiachining material away 
from a solid metal plate in such a manner bb to leave webs 
in ayjpropriate locations to act as flexure joints. 

The micropositioner in the double-pass monochromator is a 
monolithic flexure of this second type. T^o t>i>es of flexure 
joints are used in the n^icropositioner Tht^ first tyj)e is called 
a transverse circtilar flexure joint, This lype of joint cfmsists 
of the web that remains when two holes are drilled find 
reamed nt^ar one iinothen llus type of joint IfH alizes the 
bending to a s[unll region, whif^ii gives gof>d siiffucss peipen- 
dicular to I lie plane of motion as well as good torsional still- 
ness. Because the bentliug is localized, this tyi>e of joint sees 
relatively high stresses for a given ajiguiar displacernejit 
The spring constant for a right rlnuhir flexure hinge can be 
expressed by the^ equation:' 

' Tha fiber mDtinting gollaF is vvtiem the fTiDriDchrotftatOJ''s ouipui fibtf is mounted 
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Fig^ 2. (a) Top aiul sttje views of tiie x-y nucrop<isiUoner used m ihe double-pass aionoi iu'onuiitJi'. (b) The servu liiop sirliemaLiti for oJie 
tixis of Ihe posiLioiier. 



where: 

M 18 ihe moment required to bend tlie flexure through 

an angle 6 

E Ls tiie elastic modulus of the flexure material 

b \ty the wkllh of Ihe nexun\ioiut 

t is the miiiimuni thickness of liie flexure 

R is the radius of the right circular cutout'?. 

Fig. 4 shows these parameters. 

The uKixiinuJU stress in the right circular liinge can he 
expressed by the equation : 



Oiimii 



4Et^/^e 



Tlie second iypv of Hex lu-e joint used in the niicropositioner 
is a tliin rectangulai' beam flexure siniilai' to the strips used 
in nontnonolilhic flexures. Tliis tjpe of flexure joint (listrib- 
uies the bending over a longer distance and was chosen 



because it is suitable for mounting strain gauges to sense 
deflection. Standard rectangulai^ beam equations vim be used 
for calculations associated with this type of flexure joint. 

A discussion of flexures would not be complete without 
mentioning llie topic of fatigue. The tiesigner must constantly 
calculate and recalculate the fatigue hfc of the flexure joirUs 
as the design is modified to ensure that fatigue failures will 
not occiu" even after many years of continuous use. 

Linear Actuator. Each axis of the micropositioner is actuated 
by a v<jice coil linear" actuator The linear actuator consists uf 
a movirig coil in a fixed pemiiment [uagnct structure. It is 
ve!>' much hke a voice coil used in a loutlspeaker driven init 
perfonuance is optimized for force rattier than frequency 
response. Since there is no conlaci l>etween the coil and flie 
magnet structure, the acttiator does ntjt contiii>ute any rougli- 
uess or sliding friction to the operation of the positioner. 
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Fig, 3, TIk^ flexure plate used in the microposidonen 



Strain Gauges. The feedback sensors used in the closed-loop 
position serv^os are strain gauges. Strain gauges were in- 
vented in ttte 1930s and are used primarily in force trajisduc- 
ers or load cells. They are essentially resistive elements 
whose resistance changes witJi strain as they arc stretched 
or compressed. Tliey are bonded to the flexing beams of the 
positioner with special low' -creep adliesive. As the beams 
bend, the outer surfaces of each beam experience tension 
and compression. Smce the strain gauges are tightly bonded 
in place, each gauge experiences essentially tlie same .stmin 
as the surface upon which it is nioimted. 

The sigitals produced by a strain gauge are rather small. For 
the geometry of the niicropo.silioner used in the optical 
speetnnn analys^en the c^hang*^ in resist<uice for each strain 
gauge is about 0.5 miibohm (out of 350 ohms) for a one- 
micrometer position change in tlie flexiure. To detect small 
changes such as this, l)alant:t'fl bridge circuits are the usual 






Strain Gauge 

on Tdp of 

Beam 



Fig, 4- The locations on a transverse circular flexure joint for die 
parameters used in the equation tn eompuU^ the ijprin^ ronsl-ant for 
the circuliir flexure. 
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Servo Loop 



Fig. 5. The strain gauge amplifier used iri the tnicropnsitioner, There 

is one amplifier for each axis, 

choice. In the case here, it is desirable to have a lineiir rela- 
tion between change m position and chajige ui resistance* 
To achieve this, tlie usual ^"heatstone briclge circuit must 
have two of its resistor elemenli> replaced with matched 
ciurent sources (see Hg. 5). 

The change in voltage that results from the cuirent flowing 
in llie strain gauge resistors must be amplified to tisal>le 
levels. The current is limited to aroLind 5 mA to iiniit heating 
of the flexure. The output from the bridge circuit is aiound 
4.8 microvolts per micrometer of position shift* Tills signal 
is ainpltfied to 0.7 millivolts per micrometer for use in the 
position servo loop. 

An amplifter used m an application such as the double-pa'^s 
monochroniator must have good input characteristics, in- 
cluding low iniuit offset voltage and low^ input offset drift. 
Good coitiniOM-rnode rejectitm is also desiniijle, Tlie atnpli- 
fier used in our design (an OP 77) has ver^^ good in|)Ut char- 
acteristics, but the common-mode rtyection is not adett^iate. 
The mnplifier alone has a conmion-mode rejection ratio of 
one microvolt per volt or 120 dB. This can be degraded to 
about 48 dB by the 0.1% resistors used in the rest of the cir- 
cuit* The common-mode voltage in the original breadboard 
was aroimd 3.25 volts. This could produce an outiiut offset 
of up to +13 mV, wliich is the equivalent of 19 micrometers 
of movement in the flexure. Since submicrometer resolution 
was needed T this was clearly a problem. 

The scheme used in our monocliromator is to drive tiie 
strain gauges in such a way that the conmion-mode voltage 
is sensed and sen oec! to /.ero volts. In Fig. 5 amplifier 1 is 
the si rail! gauge amplifier, while mtti>lifier 2 is used tt> sense 
the cominon-mtxie vf ullage and drive the strain gauge volt- 
age source up or down utitil the common-mode voltage is 
zero at the sense point. 
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Fig, 6, Tlit^ flexure rrequeiicy response from tln^ aciuator tirivt' to 
1 lie ST rain gauge nutpui. 



Performance 

Tht^ floxiire frequmicy response from tlif a<1uaror drive (tl^e 
inpui ) to 1 he strain gauge aniplifier output is sliowii iu Hg. 6. 
This is for the x-axis: ihe y-axis is very similar, The response 
is doniinated by the resonance a( 29 Hz. Tliis resonance is 
tiie r^arural response of the spring-mass system fonned by 
ihe flexure beani s^n in^; t iiajacteristif ami the mass of all 
the jiio\ing pariN sijpp(irle<l by Ihe Oexure, Tlie resonanre 
introduces a 180-degree phase sfnft at frequencies beyond 
resonance. 

We wanted to he able to chop the optical beam usirtg Ihe 
Oexure al around a 2i)-H7. rate. To do I his with a sciuare-ivave 
position characteristic requires that the control loop have a 
bandwidth that is severaJ times the chop mte. The loop 
biandwidtii must inckide the third harmonic of the chop rate, 
and the lifth harmonic or higher is desirable if the settling 
time is io be reasonably short. In addition, tjie 29-Hz reso- 
nance is a manifestation of a sensitivity to vibration. If the 
loop bandwidth includes the resonance then the loop will 
<lani] I the resunimce. 

Closing a feedback servo loop aromid a resonance in wliich 
the resulting oj) en -loop gain at resonance is greater tlian one 
is usually avuided because oscillation is the tyi^ical (imd 
uitdesired) resuh. hi our case the design required that we 
close the loop without oscillation. If the 29-Hx resonance 
were the only complex pole t>air in the flexure, then tlie tie- 
sign of the feedback would have been strmghf forward. How- 
ever, there were also mechanical resonances at 950 Hi! arid 



at 2.2 kHz (2J kl Iz in the y-axisj that put an upper limit on 
what the loop bandwidth could be. In addition, there was a 
delay mec hatusm because of the const met ion of the \'oice 
coil actuator thai added phase shift to the llcxnrc^ resiHinse, 
constraining the iunount of phast* mai gin thai could be ob- 
tained. Pliase margin has a large impact on tlic trajisient 
response of the system. (55 to 00 degrees of phase margin 
turns out. to give a very nicely liehaved tnuisit^nt res]Jonse. 
while 45 degrees is about ^is linle as can be allow ed if die re 
is ally concern over the tnmsient response.) Since we were 
interested in a good transient response, the avmlable phase 
margin became tlie delennining factor in slotting the loop 
bandv^ifith at m'ottntl 101) Hz. 

The target position for the servo loop is taken from the ont- 
put of a 12-bit DAC. This is a settability of one pail in 4096. 
Ilowx^ver, only a portion of the DAC" range is used to drive 
the flexure. The remainder of the range is used U\ cf>mpen- 
sate for the mechanical and elect rictd tolerances that deter- 
mine die strinn gaugc^ ampliTier output for tiie undriyen rest 
position of the flexine. 

Conclusion 

The jriicru|K)si doner was oire of a numb^of 1|^ components 
needetl to l>e able to Iniild a double-pass scanning monochro- 
maton As described above, it provides a meai^s for ti"anslating 
the outiiul optical fiber in a plane perpendicular to the out- 
]jut light beam to trac k the output light beam during rotation 
of the diffrat^tion grating. It is al)Ie to move quickly imd ac- 
curately o\pr the neccssai^' range of motion and has proven 
to be a valuable asset in aclueving our performance goals. 
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A Standard Data Format for 
Instrument Data Interchange 

This standard format allows many HP analyzers to exchange data with 
each other and with applications software. Utilities provide data 
conversion, editing, viewing, and plotting and a function library provides 
access to SDF data from pfograms. 

by Michael L. Hall 



The Standard Data Fonnat (SDF) is a record-based binai>' 
data file format thai is used to store data trom a variety of 
aiiai\^ei"s manufacliued by Uie Hewlett-Packard Lake Stevens 
Instnmicnt Division. Tlicse analyzers range from portable 
acoustic analyzers and low-frequency F¥T analyzers to RF 
vector signal analyzers (see Fig, I). The SDF file format is 
flexible enough to contain rnultijjie charuiels of data, multi- 
ple data results in a single file, nuihiple scans of y data re- 
sult (wateifall), and deep (capture of contiguous time dala. 
The EP 894xxA vector signal analyzer described in the ar- 
ticle on page G uses SDF to store t.rare data (single results), 
time captiu'e data (up to one niilbon time samples ). and 
waterfall dat^. 

Included with each instrument that saves data files is the 
Standard Data Format utilities, a set of MS-DOS" pj ogiains 
that make it possible to convert data from one fbiniat to 
anotlier, edit SDF records and data^ graphically view data, 
and plot (single or batch) data from SDF files. Fig. 2 lists the 
SDF utilities. 

Interchange ability 

Stonug diila hi SDF formed allows many histnutients tind 
applitations lo interchange ineasurenient data^ time captitre 
data, and waterfall or map data (see Fig. 1). 

Since the amount of memory varies from instrument to 
instrument, there are restrictions on the amouni of data 
that each instnunent can iniport from another source. For 
exiunfjle, the Ml* S!^l4xxA vectoi" signal analyzer with Option 
AY 9 is restricted to one million simiples of time captuie 
data. Other mstnmientSt depending upon the amount of 
memory purchased, have other restrictions. 



Direct Exchange 


E}(chafige 


Suppaded 


iSuppom MS-DOS] 


through TranS'lator 


Apphcation/Haia Formals 


HP 8941 DA 


HP3562A 


SpFeadshfiQts 


HP a9440A 


HP3563A 


Gensral ASCII Data 


HP 35665A 


HP 35660 A 


MATLAB 


HP 35B70A 


HP35GaA 


IVlATBiXx 


HP 35e6A 


HP 3569A 


Data Set 58 


HP35B7A 


HP35^A 
HP3589A 
HP3587S 


Libraries 



The HP 894XX.4 contains a 3.5-mch flexible disk drive tliat 
supports both MS-DOS and IIP Logical Intercharige Formal 
(LIF) file systems. SUP tiala stored on a DOS file system can 
be directly interchtmgeci between tlus analyzer and otlier 
ijistnunents in the first coluiim of F^g. I by exchanging disks. 

Other LrLstiunients either do not store data directly m SDF 
format or do not supyjort MS-DOS flexible disks. The SDF 
utilities include programs to translate instrument data from 
Other formats to SDF (see ""Instrument Tianslatons" ui Fig, 2). 



Interface 

LIF 
UFDIAG 



LogicallnterchangeFormatfiler 
LIF diagnostics 



DOWNLOAD Download HP 35BDA Dr HP aSB9A fils via RS-232 



HPIB63 



Transfer HP 3562A or HP 35e3A traces vfa HP-IB 



Instrument Trarislaturs 

63T0SDF HP3562AQrHP3563AtciSDF 

S0FTG63 SOF to H P 3562A or H P 3563A 

660TOSDF HP35660AtQSDF 

60T0SDF HPa&BOAtoSDF 

S9T0SDF HP 35e9A lo SDF 

eSTOSOF HP 35BaA lo SOF 

B9T0SDF HP35B9AtoSDF 

Apjliicatian Converts 171 

SDFTO ASC SDF lo ASCI I formal 
SDFTOML SOF to MATLAB msinx format 
S DFTO m SOF to MAT R tXx m atn x f rmat 
SDFT058 SOF to Oata Set 5B 

Examining Files 
VIEWDATA Graphfcelly view SDF tlHta 



REPEAT 


Repetitively execute another pre 


SDFPRINT 


Textually view SOF headers 


Clianyins Files 




ASGTOSDF 


ASCII data to SDF 


SDFEDJT 


Change SDF headers 


SDFTOSOF 


Split SDF iiEe 


Program Interface 


SOFUTIL 


SDFIitsraries 


FILTERSDF 


MATLAB filler time captyrefflas 



^Ig. 2. rtu- Sl.iUitlai d Data Fonnat utilities. 
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Foreign File Systems 

Some inslmmenls do not support; MS-DDS as a filf* systpni, 
but do support LIF, including the' HP 35fi2A, HP 3503A, IIP 
356(>(iA. IIP 3ri8BA, ajid HP ;3ryS9A analyzers. To suprmh data 
interdiangp \^itli Uiose instrunients, the SDF utility LIF can 
read mid write on a LIF disk in the computer's int.enial disk 
drive or ai} HP-IB connected external disk drive, Tlie utility 
LIF caji: 

• Irlcntify HP-IB card location and any connectjed external 
disk drives 

• Copy Hies to and from LIF disks using optional wildK:ard 
file names 

• Delele IJF files 

• List li LIF diiectory 

• Initialize a LIP disk. 

In addition, the SDF utihty LIF^DLAG t>erforms UF disk back- 
ups even when a disk is damziged. It includes the ability to 
r€^ad, modify, and write individual disk sectors (BSS-byte 
bloc*ks). 

The HP 35tiOA ami IIP 3569 A analyzers are battery-powered 
poilable inatnunents Ihat contain a nonvolatih' RAiM tlisk 
and have -an RS-232 interface. The SDF utihty DOWNLOAD 
can ti ansfer a file fr( mi the instnmient to the coinjiiit er via 
RS-232. In addition, the extended data transfer utilities for 
the HP 35(j9A coulain KILEOU, a filei' tiiat can biilin^clioually 
transfer groups of files \ia RS-2:^52. 

SDF Format 

SDF files contain binar>' records that describe various attri- 
butes of the data (sec^ Fig. 3). All records contain a combina- 
tion of the following tyxjes of data: B-bit, iti-bili and 32-bit 
integer, 32-bjt and l>4-bit fioating-point, tind null-ti^nninated 
SI rings (C-style strings). Different processors rj«i imerrnet 
multibyte numbei*s in two ways: eitlier with the niost signifi- 
cant byte (MSB) of the number aptieaiing fii^l (lowest ad- 
dress in memory) or with the MSB last. Numeric quantities 
are stored m an SDF file with the MSB fiist. 

The firsl two bytes in an SDF file contain a format fleserip- 
tor to identify' this file as being in SDF formar. Following the 
format descriptor are one or more records in the following 
format: 



Field 

recordType 
recordSize 

record dependent 



Size 

IG-bit integer 
32-bit integer 

record dependent 



The recordType defiiies the type of record and the conic^nts of 
tlie record tlepen<leti! section. The reeordS^ze is the size of Ihe 
record hi bytes aiid is used to find the next record in the file. 
All records of the same t>pe must be contiguous In the file 
(see Fig. 3). The SDF_F!LE_HDfl is the firet record in the file 
and the SDF_MEAS_HDR is the second reeord in the file. 

Tlie SDF_FILE_HDR record contauis a pointer to the Orsl record 
of each of the other record t>TDes (except SOF_MEAS_HDR ) and 
a count of how many records of each type are in the file, 
Tlie SDF_F!LE_HDR also contains information identifying the 
soiu'ce of the data in the file and tiie date aiui time tlve tlata 
was created. 
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SDF.fliE KDfl 
Offs^i !ei and Count erf 
%m OATA urn 

SOf VECtOB HUH 

SDF. CHANNEL NOR 

SDf KDft (UNIQUE ItDH I 

SDf SCAN srRUET 

£Df SCAMStG/SOr SCAN VAn 

sm ajmmm nun 
sm hdr[k) 

Offss! to SDF HDR (yj 



SDf MEAS HDR 



SDF DATA. HC ft 



S0E DATA Hm 



^ — SDf Formal Oescrtplor 
■^ — 1 FiJe Head Err Recurit 



-* — 1 MensuremeRl Header Record 

* — 1 Qf Mare Dala Header Records 

-* — T or More Vector Header Records 

-* — D or More Channel Header Records 

-* — Q or More Unique Records 

" — er 1 Scan StruDbire Record 

-'— ar f San Big Record 

-* — Q a r More Sc an Variali I e Hecords 



or Mare Coeiment Records 



SQF V£CTOir HOR 



S&F_V1CTOR.HOR 



SDF CHANNEL MDR 



SDF CHANNEL HDfl 



SDF HOR [Uniqtis] 



SDF.HDRlUiiiqmH 



SOf SCAN STRUCT 



Scan Variable Data 



S0f_SCAN.BI6 



SD^_SCAN.V4fl 



Scaii Variable Daia 



SDF SCAN VAR 



Scat) Variable Data 



SDF.COMMINT.HDB 



Comment Data 



SOF.COMMENT.HDfl 



Codimefit Oati 



SOF HDR(v] 



V'AKis Data 
for nm SDF. DATA HDR 

for fast SOF OATA HDR 



Fig. 3. Standard iJata Komi a! file stnicture. 

The SDF_!VtEAS_HDR rerord contains information identifying 
the meaiiiurement that created tliis data, iiie lulling the fre- 
quency and average pajameters. 

The SDF_OATA_HDR reeord contains infonnation identify! tig 
each t>i>e of data that is contained in the fde. inckiding iiie 
{laLas l>i)e, length, format, and nmnber of logical chatutels 
(rows and colnnms) of the tesnlL Most inslrninenis store 
only one logical ehantu^l of one data result iti a giveri file, 

Tlie SDF_VECTOR_HDR record contains information relating a 
logical channel of a given data resiiU to a physical input 



Of 1 X-AxIs Data Record 



1 Y-Ajtis Data Record 
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channel {e,g., ^lectrum data) or a pair of channels (e,g,, 
rrequency resi>onse data). There must be one of these rec- 
ords for each logical channel trow arid coliirim) referenced 
in each SDF_DATA_HDH. 

The SOF_CHANNEL_HDR record contains information identify^- 
ing eacrh physical data input channel in the instrumeni that 
IS ref^enced by any data in the file. Most instnunents have 
only one or two channels, Tiiis record in chides in fori nation 
on how the input is set up (range, coupling, input imped- 
ance), identifies the filters applied to the input data, ajid 
indicates whetlier the input o\'erloaded wlnle acquiring da! a. 

Tlie SDF_HDR tUnrque) records describe information that is 
unique to a particular instrument and not used by olher 
instnunents. For the HP S94xxA, there Ls a unique record 
associated with the tlata Ihai desciibes the fonnat of Uie 
displayetl trace (coordinates atul scding] at I tie tune the 
data is saved. The display is restored (o tins srate when the 
data is recalled and displayed within rhe HF- SfMxxA. 

The SDF_SC AN_STRUCT record describes data results tliat are 
organized in scans. Scarts are multiple measurements of the 
same result separated in time. Both waterfalls or maps and 
tinic capture results have scans. Tins record contains tlie 
nmnber of scans and the data for the scan variable. Each 
scan has a value that describes its location in time: it may be 
a time offset from the start of the measiirenient, a sluift 
speed (r/mln) %^alue (the HP 35670A has a tachometer input), 
or just a scan number 

The SDF_SCAN_BI6 record describes data results that are or- 
ganized in scans (smiiliu" to SOF_SCAN_STRLfCT). This record 
describes the type of scan orientation and contains the num- 
ber of scans used for long (> 32767 scans) scan-oriented 
data files. This record can sen^e as a replacen^ent for die 
SDF^SCAN„STRUCI 

Tlie SDF_SCAN_VAR record describes one scan variable for 
data results tliat iue organized in scans. Eacli scim lias a 
value that describes its ItK-ation in time. It may be a tinte 
offset from the start of the measurement , a r/min value (the 
IIP 35670A has a tachometer hiput), or just a scan number 
There can be mulriple SOF_SCAM_VAR recortis in a file, so that 
midtiple attributes can be described ( e.^^, time and r/min for 
each scan). 

The SDF_CDMMENT_HDR record describes any free-form text. 
that the user may want to associate witii the data file. It may 
contain information describing the particular test setup with 
which tlie data was acquired. It may contain anjlhing the 
user wants. This record has a variafjle length so any ^unount 
of text can be included in the data file. 

The SOF_HDR jxl record contains the x-axis data far any data 
result that contaiiis arbitnirily spaced x data (i.e., not linearly 
or logarithmically spaced), F'or the HP 3566A, tor example, 
swept sine frequency response data is arbitrarily spaced. 

Tile SDF_HDR (y) record t;ontains all the y-axis data for all data 
results i[^ the Tih:\ information in the SDF_DATA_HDR and the 
SDF„SCAN_STRUCT detemiine the location of the y-axis data 
within this recorrL The data is in the sami^ ordtM^ as the 
SDF_DATA HDR records in the tile. 



E xpandabilj t5^ 

SDP is not a static standard. Since each record has a speci- 
fied size, it is possible to add fields io the end of a record and 
increase its record size. This mechanisni has been used to 
enhance the standard tw ice in the pasL The fust revision of 
SDF was release<i with the firsi. release of the HP 35t:>6A and 
HP 3567A analjTEeni- The se<ond re\ision of SDF was re^ 
leased at rhe time of the HP 35665 A analyzer, later releases 
of the HP 3566A and HP 3567A analyzers, and the release of 
the SDF tjdlities. It included support for time captiu^e Hies, 
better support for waterfall (scan-based) tiaia* and better 
accuracy for frequency parameters. The third release of SDF 
includes support for multiple sc£in variables, comment 
records, and larger data records. 

Exchanging Data with Applications 

Any partirular his tinmen t is not always capable of perform- 
ing the analysis desired by the user To addiess this need^ 
the SDF utilities contain programs to convert SDF data files 
to other fomiats that are easily imported into compnter- 
based analysis appU cations. 

The most universal fomiat used by many applications is 
ASCII numbei's. Spreadsheet programs can import ASCII 
nuini>ers into colunais or rows of a spreatisheet. The SDF 
utility SDFTOASC pro\ides the capability to convert at^y 
portion of the data in an SDF file to a flexible ASCII format. 
The liser can specif^^ any C-style printt format specifier. 

PC-MATl^B from The Math Works, Inc., is a software pack- 
age for general digital signal processing and flllering- An 
optional signal processing toolkit provides the abihty iti 
perform digital filtering and FPT operations on time data 
MATLABs basic data tyjje is a matrix. The SfJF utility 
SDFTOML converts any portion of an SDF data file to 
MATLAB matrix formal, allowing complex data to be 
mip(3rted tlirectly into MATI^\B. 

MATRlXx, a product of Integrated Systems, Inc, is a soft- 
ware J package for confrol system antilysis. It is similar to 
MATLAB ill thai the elementary^ data type is a maiiix. The 
SDF uf ihiy SDFTOMX converts any portion of an SDF data 
file to MATRIXx matrix format. 

Data Set 58 Is the universal file format for mechanical appli- 
cations. The SDF utility SDFr058 converts any portion of m\ 
SDF flala file to Data Set 58 format as a matrix. 

Additional third-party converters are available to convert 
SDF data to other formats. 

The SDF utility REPEAT makes it easier to deal v^ith a group 
of data files by autojnating batches of operations on SDF 
files, such as file conversions. 

Examining SDF Files 

Sometimes the user does not want to [)f)St[irocess measure- 
uient data, hut wants to verify what data is u\ a file, nr wants 
ttj make a graphical hard copy of the data with the aiJpropri- 
ate annotation. The SDF utility VIH WDAfA allows the user 
to \dew up to tln-cc traces of data simultaneously m either a 
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slacked or overlaid foniiat. Full x ajui y ajinoiaiion is pro- 
%1dpd, just as if the rrate were being tibjilayed by the iiistru- 
mt'ul. T\\e user has a full choice of coordinate sysleius (o 
disi>lay the data: linear, log, or dB magnitude, real pari. 
iniaginary pail, wrapped or unwraijped piiase, Nichols {tlB 
versus phase), or polar (real versus imaginary). Full niarker 
(and offset marker) funt^tionality is (>ro\ided with (he anow 
keys or tlie mouse used to control rnoveinenl. Overlaid text 
ajul imported JIP-GL graphics vm\ be placed oxer the trace. 
Hard copy is provided lo any HP-GIj plotter or PCL printer. 
With the SDF tnility HEf^KAT VIEWDATA can be used to 
halt*li plot inulfiple SJJF files. AJfliongh many instmments 
can plot resnlts directly to a hard-crj|>y device, the batch plot 
capabiJity of \7E WDATA allows the user to avoid tying up 
expensive installment time doing a slow operation sncli as 
plotting. 

There are many pieces of inlbmiation in an SDF file in addi- 
f ion In Hie circumstances of the data acquisition in the SDF 
da(a tieaders. The SDF utilily SDFFHINT allow^s die user lo 
see this inTomiation in a textual format. 

Changing SDF Files 

[Jp to thi.s point, 1 ha\ e only described a one-w^ay flow of 
data being created by an histrumeiU and being transferred to 
another analysis tool. The SDF utihties provide tools for 
creating and modi lying SDF fdes so they c!an be transferred 
back into im instniment. You can iLse m\ analysis progr^mi t:o 
create time data to load into the IIP 894xxA analyzer's arbi- 
trary source or to create a usej-defined input filter lo be 
used with the HP8y4xxA"s digital demodulation measure' 
merit. The SDF utility ASCTOSDF creates a tinie-domain or 
tVequency-iiomain SDF Hie from ASCII data. To citstotnixe 
an SDF file, the SDF utility SDFBDIT can l>e used to change 
any header field in aiuSDF file. Some instniments create an 
SDF file that has n^rny results in it (e.g., the HP rl^fiTA), but 
most uistnmients will only use the first result iii an SDF file 
(e.g., the IIP B94xxA^ The SDF ntihty SDFTOSDF can be 
used to split a multiresult SDF file into separate SDF files so 
thai an instnnnetit has access to all re suits. Some old instru- 
ments only supptm a certain number of frequency iioints in 
data results (e.g., the HP 3 562 A snppoils only 8111 1 joints J. 
The SDF utihty SDFTOSDF can be nsed to respace data to 
luiy number of frequency points. 

Accessing SDF from a Program 

Some users want direct access to SDF' data from a pro- 
gramming language. The SDF library provides that interface. 
Libr::ny fmictions allow access to dl standard hea<lei^ in ;iti 
SDF lite and allow reading and writing of the SDF data. The 
SDF hbraiy scales the SDF data aiul c*tai verts the data io liie 
format the user requests (16-bit or 32'bit integer or ^i2-bit or 
64-bit Ooating-point ), The SDF li!:trai:v' is also available as a 
Microsoft'-' Windows dynamic link libraiy. pi ovidiiig access 
to Windows-based programs sut h tis Mieixjsofl \'isnal B;\SK'. 
MATLAB has the capability to call nser-w ritten fnnctjons 
(MEX files). The ALA.TL.\B fimction FILTERSOF is available to 
digit^dly (FIR) filter im SDF' file, Tliis is most useful with an 
SDF time captuie file \o test the effects of a conipensalion 
filler upon nieasiut^d data. 



I m pie men tat i on of SDF 

Different segnients of the SDF"* code run on a variety of 
products: 

• Motorola (j8()x0-based instnmtents from the Lake Stevens 
Instrument Di\dsion (e.g., HP B94xxA, HP 35670A} 

• Intel-based MS-DOS personal computers (SDF utilitiesj 

• IIP 95LX piilmtop computer (extended data transfer utilities) 

• Microsoft Windows environment (SDF library dynamic link 
librar>^) 

• HP yOOO Seiies 300 and 400 workstations (SDF utilities) 

• HP 9000 Series TOO PA-RISC w orkstations (SDF utililiejs). 

The SDF utilities and the SDF library are writt en m ANSI- 
compliant C. Three different etjmj) iters are used lo generate 
code for the ililferent taigets; the FIP fitJOO Series 700 V com- 
piler rlie Crnu C compiler for the HP 9000 Series 300 and 400 
and tlie iiLstniment targets, mid the ^ficrosoft C compiler for 
MS-DOS, HP 95LX, and Microsoft Window^s targets. 

In general, tJie same code works with all tJirt^e compilei-s. I 
only found one code segment thai would not compile on all 
compilei-s. Du ling development , I tound that even with the 
strictest error repotluig tunied oik n<jt ;ill ctunpilers generate 
the same level of waiTungs for an offendij^g code segment, 
riiis nuiKicompiler approach turned out to be very useftil 
for finding certain types of coding en-ors. 

The C compilers predefine some compile-time symbols, 
which can be tested by tlie C preiirocessor. The Microsoft C 
compiler predefines the symbol MSDOS (for the MS-DOS. HP 
95LX, and Microsofi Window.s targets) antl the HP 9000 
Series 700 C comi>iier predefines the symbol _hppa. Tliese 
switelies are used to control compilation to resolve the 
various dilTer eiices in the target syst:ems. 

SDF files mv in binary form with multibyte nimibers stored 
with the most significant l>yte (MSB) appealing first (lowest 
address in nienK)r>'). Intel 8t)xS(>b£ised computers use num- 
bers w itti file MSB appearing last in the nmnber. This memis 
that any SDF utility that runs on these computer's has to 
have tlie bytes in a nuiTiber read from an SDF^ file reversed 
before it is used. The SDF library byte swaps ever>^ field in 
an SDF record after it is rea^l from a file lo make the byte 
(udeiing as trmispcU-ent as jjossible to tlie majority of the 
sofiwiure. Portions of the sofiwan^ thai deal tiirectly with 
data use a set of macros to swap integers mid fioaiiag-point 
numbers. 

Tlie Microsoft C compiler defines the size of an integer as 16 
bits, w^hereiis the other C compilers define the size of an 
integer to be 32 bits. For this reason, the SDF^ library does 
not use uitegei^, but iiisteafl uses the data t>i>e short to mean 
Hihbit integer' and long to mean 32-bit integer. These dnta 
i>T)es are consistent witli all the compilers. 

The ^Microsoft C compiler defines the size of a pointer to be 
either 16 or 32 bits depentling upon the nietnorj^ model used, 
whereas the othei' C conipilei^ define the size of a pointer to 
be 32 bits. Since the size of an SDF file cm\ be more tJian <>4K 
bytes Uhe liitiH of a IQ-bit pointer), point ex's to portions of the 
SDF^ file in nieniory must always be forced to be 32 bits. Yon 
can force pointers lo be .52 bits uith Microsofi (' by c*>mptling 
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with the large memory model (32-bit program addresses and 
^l-hit data pointers ). This worki^ for MS-DOS programs, bui 
Microsoft Mndows programs are geiicraOy compiled with 
the medium memory model (32 -bit program addresses and 
16-bit data pointers). E^ en in the metiium memor>^ mode, 
32-bit addresses can be coerced by explicitly defining the 
potnter as „far (e.g., cher Jar * ). AH S[)F address refen^nces in 
lite SDF library use a tJettne to force 32'bit address€^. 

There is a side issae to the use of 32-bit poinlers with a 
16-bit memorj' model. The C standard libraries for the me- 
diUTTi memory^ model ail use 16-bit pointers (for example, the 
string access functions). There are 32-bit versions of most of 
tlie functions mth a slighdy different fimction name (e.g., 
Jstrien instead of ^rlan). Tins meatus more defines must be 
used for fimction names to allow either fiincticjn t<:» be used. 

Certain rules ai-e used in alignment of variables within a C 
structure. For Microsoft C and Gnu L\ any integer or float- 
ing-point variable must stai1 on an even byte boimdary. Only 
a char variable or array can have tm odd b>le size. To foOow 
this structure aJignment rulCn all character arrays should be 
an even number of bytes in length. 

The porting of the SDF utilities to tlie HP 9000 Series 700 
target occun'ed after SDF had been defined and in use for 
several years. The variable alignment rules within structures 
ai^e different on tlie Series 700 tlian on the other targets* 
Structiu'es on the Scries 700 are generally iarger because 
32-bit integers and '32-bit floatuig-point variables must l>e 
aligned on four-byte boundaries and (H-bJt rioaling-point 
variables nuisl be aligned on eight -byte boundaries. The 
sohition is an SDF library fiuietion that unpacks an SDF 
header after reading it and packs an SDF header before 
writing it to a fde. 

Both the bjte swapping and lh(^ packing ;md unpacking of 
an SDF header are hantUed with a table for each SDF header 
that describes the data type <jf each variable in the structure 
along witii its length for arrays. This tjible also f on tains the 
ASCII name ol' each variable. If I be vaj iable is an enum data 
tyi>e, then the table also contauis a pointer to a table describ- 
ing the ASCII name for each of its defined values. Tliese addi- 
tional fields are used by tbe SDF utility SDFPRINT to print 
SDF headers, and by tbe SDF utility SDFEDIT to edit SDF 
headers. 

Care must be taken when using V libraries to make sure that 
ftmctions really are standard ANSI C and as such will be 
portable. It turns out Uiat case-insensitive string comparisons 
are no( standard. In Microsoft C, the function is stncmp. In 
IIP 9000 Series 700 C, Hip I'unctloii is strcasecmp. In (tUU (\ no 
such function exists. Pim of the SDF libriuy Ls a compatibility' 
module to contam these nonslsuRhucJ functions. 

The SDF library is also compiled into a Microsoft Windows 
dynamic Unk Hbraiy (DLL), which places additional restric- 
tions on the use of pointers. A i6-bit pointer should not be 
used for the address of anything on the stack (parameters to 
a function or automatic local vaiiables). To fomi a complete 
32-bit address from a l(i-bit pointer, the compiler itses tlie 
data segment register to reference glottal mid stiitit^ viirial)les 
and die stack segment register to reference lt)cal variables 



and parameters. For a normal C program, the stack segment 
register is set equal to the data segment register so that a 
16-bit pomter can point to a \^ue on the stack f jr a staric 
variable. In a DLL, the data segment register points to the 
data in the DLL, but the slack segmen! register points to the 
stack of the calling fimction, which is in a different program. 
Therefore, there is an ambiguity in what a I6-btt address 
points to in a DLL. The code generated by the Microsoft C 
compiler assumes that all 16-b3i pointers in a DLL point to 
the data segment. The programmer must be careftil to make 
sui*e that all 16-bit pointers aJways point to giobal or static 
variables. The altemathe is to use only 32-bil pointers, 
w^hich is not always possible. 

Interfacing the SDF hbrary DLL to Microsoft VistiaJ BASIC ts 
straight forward. Sniictures are supported as Visual BASIC 
iLser types and the data types of 16-bit imd 32-bit integei^ and 
32-bit and 64-bit floating-point numbers are directly analo- 
gous to Visual BASIC data t>pes, Tlie only data t.5i>e not sup- 
ported by Fisual BASIC is C-st>de strings ( ntill-ten^iirmted 
character arrays). Strings in Visual BASIC ai*e a dynamically 
aUocateil data type, not static in length. Since all the strings 
in an SDF file are of an even length, they can be defined as 
16-bil integer aj rays in Visual BASIC. Arrays within struc- 
tures are supported starting with vermon 2 of Visual BASIC. 
With the sut>plied BASICS function c2strtng, the intjeger arrays 
are converted to Visual BASIC strings. 

SDF Revisions 

There are currently three revisions of SDF files. The SDF 
libraiy is written to handle forward and backw^^u-d compati- 
biliiy. Mien each SDF header is read, the library uses the 
size of the particular SDF header stnicture tliai is known at 
ccmpile time. If the actual size of the header ( re cord Size) is 
largtr, the libraiy ignores any new fields (forward < ompati- 
biiity). If tire actual size of the SDF header read Is smaflei; it 
assumes that the fields hcyoiul the read sisse are iminitialized 
mid then sets tiiesc ReUls in dofault values. 

Conclusion 

T[ie main furu tions of a measurement system are the capture 
of data and the presentation of the data in a Jbrrn tliat meets 
I he tisers needs. To help meet these needs, the Hewlett- 
Pack jrrd Lake Stevens Instrument Division stores aU mea- 
surenient data in a consistent format antl pnnides utilities 
to maJiipulate t he data and to ease the task of ijupntting 
data into a variety of applications, 
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North American Cellular CDMA 



Code division multiple access (CDMA) is a class of modulation that uses 
specialized codes to provide multiple communication channels in a 
designated segment of the electromagnetic spectrum. This article 
describes the implementation of CDMA that has been standardized by the 
Telecommunications Industry Association for the North American cellular 
telephone system. 

by Da\id P. Wliipple 



The ceKulaj telephone industi^y is tkived with the problem of 
a customer base that is expanding while the anioiint or the 
eiec'troniagnetic spectnnn allocated 1/j cedular sei^ice is 
fixed. Capacity can be m creased Ijy installuig additional 
cetls (subcli\iding), but tJie degree of subdiiisioti is liniil.ed 
because of the overhead needed to process han doffs be- 
tween cells. In addition, property for cell sites is tiifllcult to 
purchase m the areas where traffic is the highest. 

The cu iTpnt Euialog system divides the available spectrum 
into 30-kIlz-wide cliannels. TliLs method of channelization 
(division of tlie spectrum into multiple charmels) is com- 
monly called FUMA, for frequency division multiple access 
[ Fig, 1 ). Alteniate means of chaimelization are being devel- 
oped lo allow more usei"s in the same region of tiie spec- 
trum. TDMA, or time division multiple access, uses the same 
30- kHz channels, but adds a timesharing of dii'ee users on 
each frequency. All other factom being equal, tliis results in 
a threefold increase in capacity. CD^L\. or code division 
multiple access, is a class of modulation that uses special- 
ized codes as the basis of channel izal ion. Tliese codes are 
shared by both the mobile station and t lie base station. 

While CDMA is a class of modulation, this paper focuses on 
the implementation of CDMA for the North Ameiican cellu- 
lar market, which was initially developed by Ql'ALCOMM, 
Inc. and has been standaidized by tlie Teleconwiimications 
inditstr>' Assof:iatu)n (TIA), 

Interference Effects 

The analog system needs atteimation of about 18 i\B for m- 
terference on the same chaimel to provide acceptable call 
tjuality. Tlie praclicd rtmiification of tlus is that only a por- 
tion of the available spectnmi can be used: nol all of the 
channels can l>e used In evei'y cell. A freqiiency reuse pat- 
tern of seven is commonly used to prrAide tJiis atienuation 
(see Fig. 2), hi other words, only one seven tli of all possible 
frequencies aie available in any one cell In fact, sectored 
cells are usutdly used when capacity is needed to allow the 
seven-eeh repeat pattern to work. L sing three sectors per 
cell only one out of every ^1 available frequencies is used in 
each sector. 

Li CDMA, signals are received in the presence of high inter- 
ference. The practical limit depends on the chtmnel condi- 
tions, but reception in the presence of interference that is 18 
dB larger than the signal is possible, Tj^^Tjically, the system 
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Fig. I. td'Hnlar chaiuTeliiiatiGn rnethads. (a) Frequency (.li\ialon 
nitiltiple access (FDMA). (b) Tinie di\1&ion multiple access (TDMA), 
(c) Code division multiple access (CDMA). 

operates with better conditions. The frequencies are reused 
m ever>' sector of ever>' cell, and approximately half the in- 
terference on a given frequency is from outside cells. The 
other half is the user traffic from v^ithin the same ccU on the 
same frequency. 
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Fig, 2. Cellular !requency reuse paiterm. (a) FDMA reuse. 
(1>) CDMA reuse. 

Fig. 3 sliows a North American cellular CDMA system. 
CDIVIA stans with a basic data rale of 9600 bits/s. Tliis Ls 
then spread to a iraiismitted l)it rate, or chip rate ( tlie trans- 
mitted bits are caUeii chips), of L228S MHz. Spreading con- 
sists of appi>lng digital codes to the data bits that increase 
the data rate while adding redundancy to the system. The 
chips aic transmitter! nsijig a form of QPSK (quadrature 
phcL^e shift keying) modulation that has been filtered to limit 
the bandwidth of the signal. Tliis is added to the signal of all 
the other users m that cell. Wlicn the signal is received, \he 
cofling is removed from the desired signal, retuniing it to a 
rate of 9600 bps. \^'hen the decoding is applied to Ihe other 
users* codes, there is no desjjreading; the signals jnaintain 
the 1.228&-MI1Z bandwidth. The ratio (if transmitted bits or 
chips to data bits is the coding gain. Tlie coding gain for the 
North American CL)R\ system is 12S, or 21 dB. 



An analogy to CDMA is a crowded parij^ You can maintain a 
conversation with another person because yoiu" brain can 
track the sound of tJial person s voice and extract tiiat \oice 
from the mterference of all other talkers. If the other talkers 
w^ere to talk in different languages, discerning the desired 
speech w'ould f:>e easier because the cro^eorrelaijon be- 
tween the desired voice and the interference would be 
iow^en The CD^LA codes are designed to ha\'e very low 
crosscorrelation. 

CDMA Features 

Tlie data rate of 9600 bits/s can be thought of as a modem. 
The signaling and the ser%ices must share tliis fundamental 
data rate. The system is designed so that multiple service 
oi>tions can use the ntodem. CiurerUly. service option 1 is 
speech, ser%ice option 2 is a data loopback mode used for 
test purj:)oses, and senice option S is being defined as data 
ser\ices, which will support i>oth fax and as^iichronous data 
(terminals}. 

CDMA communication systems have many differences from 
analog systems: 
• Multiple useiTij share one carrier frequency. In a fully loaded 
CDM\ system, there are abo\it 35 users on each carrier fre- 
quency. (There are actually two carrier fiequencies per 
chamiei^ 45 MHz away Irom each other One is for tlie base- 
to-mobile Itok^ wliieh is called the forward directioUp while 
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Cellular Technologies 

AMPS. Advanced Mobile Phone System. Tliis is the current enalog FM systBrn in 

North America. Et uses 3Q-kHz channets and signafing Is done SLipemufc that is, 
at frequencies abo^e ihe audio bandwidth tor speech, which is 300 lo 3DD0 Hz. 

TACS. Total Access Communication System, This is the analog FM system used in 
the United Kingdom and Japan It uses 25-kHi channels and signaling is superaudio, 

NMT Nordic Mobile Telephone. Scandinavia led the world in ctlfular systems. 
The latest system uses 30-kHz channels, and signaling is done using 12O0-Hz and 
1800-Hj! tones m moch the same way as a modem 

J-TACS. This is a narrowhand analog FM system in use in Japan Channels are 
12.5-kHz wide and signaling is sobaudio, thai iS, at frequencies below the audio 
bandwidth for speech, which is 300 to 3000 Hz. 

NAIUtPS. Narrow Analog Mobile Phone System. This is an analog FM system 
using lO-kHz-wide channels Signaling is subaudio. 

GSM. Global System for Mobile Communications, This is the first digital cellular 
system to be used commercially It has been adopted across Europe and in many 
countries of the Pacific rim It uses ZOO-kHz channels with eight users per channel 
using TDMA. and has a vocoder rate of 13 kbits/s. 

TDM A. Time Division Multiple Access. This is the first digital system standardized 
in North Amerrca. It uses 30-kHz channels, three users per channel using TDMA. 
and has a vocoder rate of 8 kbits/s 

E~TDMA. Extended TDMA. This system uses the same 30-kHz channels as TDMA, 
but has SIX users per channel The vocoder rate is cut to 4 kbits/s, and the channels 
are ciynamicafly assigned based on voice activity detection, This is being proposed 

as a fDllnw-on to TDMA 

CDMA. Code Division Multiple Access Thfs system uses 1 .23 MHz-wtde channel 
sets, with a variable number of users on each carrier frequency. The fult vocoder 
rate IS 8.55 kbits/s, but voice activity ctetection and variable-rate coding can cut the 
data rate to 1200 hits/s. The effective data rate, determined empirically for simu- 
lated conversations, is 3700 bJts/s. Access is by code 



the other is for the inobilp-tehbase link, wiiich is railed tlie 
revcM'fit^ directio]!). 

• The charme] is defmed by a code, Tlicre is a canicvr fre- 
quency assignmetit, but the frequency band is 1.23 MHz 
wide. 

• The capacity limit Is soft. Additional users add more inter- 
ference to tJie system, which can cause a higher data error 
rate for all users, but tJiis liiuit is not set by the number of 
physical chaiuiels. 

CDMA tnakes use of multiple fonns of diversity: spatial 
diversity, frequency diverslly, and time diversity, 

Tlie traditional form of spatial diversity — mulliplc antermas — 
is useci for the coU site receiver. Another fonii of spatiiil diver- 
sity is iistHJ during Ihe j) rot ess ortuuiding off a call from one 
cell to tiie next. Called .sfj/7 hamiolf, it is a niake-before- 
break system in which two ceU sites juaimain a link with 
one mobile simultaneously (Fig. 4). Tlie mobile slat it in has 
muitiple correlative receiver elements that aie jLssigned to 
each incoming signal and can add these. Tliere are at least 
four of these coixelators — three that can be assigned to the 
link and one that searches for aJteniate paths. The cell sites 
sen(l the received rial a, along with a quality index, to the 
MTSO ( tnohile ieIei>hone switching office) where a choice is 
made as to the better of the two signals* 




Fig. 4. iSpat ial diversity dLuiiig soft handoff 

FYequency diversity is provided in the bandwidth of the 
transmitted signal. A multipath en\ironment ^iU cause fad- 
ing, wliicli looks like a notch filter in tlie frequency drmiain 
(Fig. 5). Tlie width of the nrjtch can vary; luit topically will 
be less than 300 k[Jz. While this nrjtch is sufficient to impair 
ten tmalog chaiuiels, it only removes about 25% of the CDMA 
signal, 

Multipatii signals are used to advantage, providing a fonn of 
time diversity. Tlie miiltipte coiTclative receiver eiements cjin 
be assigned to differetit. time delayed c^opies of the same 
signal. These can he conit>ined in what is railed a RAKPI 
receiver,^ which has multiple elements called lingers (Fig, 6), 
The term RAKE refeii^ to the original block diagratn of the 
receiver (Fig, Bt)), which includes a delay Ihte willi multiple 
taps. By weighting Ihf^ signal at each tap in iirntjoitioti to its 
strength, the lime-di verse signals are comhined in an opti- 
mal tnanner The ])icture resembles a garden rake, hence the 
name. 

Another form of time diversity Is the use of forward enor 
correcthig codes followed by interlea\itig. Uiss of trans- 
mitted bits tends to be grouped in t ime. while most eiTor 
correction schemes work best when the l:iit eiToi^ are uni- 
formly spread over tune. hiterlea\ing helps spreatl out eirors 
and is common to most digital systems. 
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Fig* 5, CDMA freciuericy diversity, The wide spectrum combats fad- 
ing caused by uvuitipatli tnuiHsniission. Fading acts Uke a not<b filter 
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Fig, 6, (a) The RAKE retrelver takes ativajilage onnultipaMi LnuLs- 
mission tX) realiz^^ a form of time tiiversily, (b) RAKE receiver block 
diagram, 



Mobile Station Power Control 

Control of The luohile staTion puwor is essential for CDMA to 
work, [f one mobile slalion were to be received at the base 
station with too niucli power, it would jani the other users. 
The goal is to have the signaJ of all mobile stations arrive at 
the base station with exactly Ihe same powCT. T\\^o foniis of 
power control are used: open-loop and closed-loop. 

Dpen-loop power control is bfised on the Hinillatity of loss in 
the forward and reverse paths. Ttie received power at the 
mobile station is used as a reference. If it is low, the otobile 
station Ls presumed to be fai' fr( jni the base station aiirl 
transmits with high power. If it is high ^ the mobile station is 
assumed to be close and transmits wirJi low power The 
product of the two powers, or the sum of the two powders 
measured in <lfi, is a constant. This constant is -73 when the 
receive and transmit powers are measured in dBm. For 
exan^ple, if the received power is -85 dBm, the t ransnutted 
power would be +12 dBnu 



Closed-loop power control is used to force the power from 
the mobile station to deviate from the open-loop setting. 
This is done by an active feedback system from the base 
station to the mobile station. Power control bits are sent 
every 1.25 ms to direct the mobile station to increase or 
decrease its transmitted power by 1 dB. 

Because the CDMA mobile station transmits only enough 
power to maintain a link, the average iTansmilted jKJwer is 
much lower than for an analog system. An analog phone 
needs to transmit enou^ power to ov^erconte a fade, even 
though a fade does not exist mast of ilie time. This ability to 
tmnsmit with lower power has the potential of longer bat- 
tery life and smaller, lower-cost output amplifier design. 

Speech Encofliiig 

The speech is encoded before transmission. TOe ptirpose of 
encoding is to reduce the number of bits required to repre- 
sent the speech. The CDMA voice coder (vocfMien as it is 
called) has a data rate of 8550 bits per second. After addi- 
tional bits aie added for error detection, the c harm el data 
rale is 96^)0 bils/s. This is lowered, however, when the user 
is tiot speaking. The vocfjder detects voice activity, and \^ill 
lower the tlata nile during quiet periods. The lowest data 
rate is 1200 bits/s. Two intennediate rates of 2400 and 48^)0 
bits/s are also use<i for special puriioses. The 2400 bits/s rate 
is used to transmit iransierUs in the i>ackground noise, and 
the 4800 bits/s rate Ls used to mix vocoded speech and signal- 
ing data (signaling consists of link-management messages 
between tlie base station and tiie mobile station), hi this last 
case, the channel data rate is 9i>00 bits/s, but half of tlie bits 
are assigned to voice and the other half to the message. Tliis 
is called dim and biirsf. signaling. 

The mobile station pulses its outi^iut power during periods of 
lower-rate data Tlie power Ls tunied on for 1/2, 1/4, or l/S of 
the time. The <iata rate is 9fiOO hits/s when the power is on, 
so the average tiata rale is 4800, 24(10, tn- 1200 bits/s. This 
lowers the average power and the interference seen by 
other users. 

The base station tises a different metliod to reduce power 
during quiet periods. It transmits with 100*X) duty cycle at 
9600 bits/s, but uses only i/2. 1/4, or 1/8 of full power ;ind 
repeats the transmitted datii 2, 4, or 8 times. Tlie mobile^ sta- 
tioTi achieves the required signal-tchnoise ratio by combiJting 
the multiple transmissions. 

One important aspect of the coding used in CDMA is Walsh 
codes, or Hadamard codes,^ ITiese are based on the Walsh 
matrix, a square matrix with binm^' elements that idways 
has a dimension thai is a jKJWer of two. It is ji^enerated by 
seeding Walsh (1 ) ^ \\\ = and expanding as shown below 
aiui in Fig. 7: 



W,„ 



Wn W, 
W, W„ 



wliere n is l:he dimension of the matrix and the overscore 
denotes the logical MOT of the bits in the matrix. 

The Walsh matrix has the property that every fow is orthog* 
onal to every oilier row and the logical MOT of every other 
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Fig, 7- ^^Ish matrices, 

row, OrilK>gonal means thai iJie tioi pnxiuct of any two rows 
is zero. Tn simpler terms, it me^iiis that between miy two 
rows exaitly haJt'ihe bits match antl half the hits do not 
match. Tlie CDMA system uses a 64-by-<>4'bit Walsli matrix. 

Forward Link EiK'oding 

WaJsh eiicnciing Is nsf^i in I fie forwani link (base to mobile) 
tis shown in Fig. 8, Tlic I'lmcian^entaJ data rate of the channel 
is 11600 bits/s. The data is packetized into 20-nis blocks anfl 
\u\s [orw^'drd error correction applied l>y use of a convolu- 
tiojial encoder. This is done at half rate, which yields two 
bits out for e\^ery bit in. The data is tlien interleaved — a 
shidTling of the liils dnring the 20-ms period. This is done to 
l>etter distribute bits lost during transmission. It has been 
^hown thai bit erroi-s tend to come in groups rather than 
being spread out in lime, whUe forwtud etTor cunectiun 
works lu^st when Iht^ errors are distribuled unifoimly oven 
time. Wlien the data is deinterlea\'ed, the time-Linked eiTors 
get spread over time. 

Following the interleaver, tlie data is mocLified by the use of 
a hmg rad/\ which serv^es only as a privacy mask. The long 
code is gemmated by a pseudorandom liinary sequence 
(PRBS) that is generated by a 12-bit-long shift register (Fig. 
9j. Tliis register is also used as the mtistcr clock of the sys- 
tem, and IS synchronised to !be limit of propagation delays 
among all base st^itions and mobile stalions. A mtisk is ap- 
[jlied in the PRBS generator that selects a cotnlunatiort of 
the avallal>le bits. These are added modulo two i>y way of 
exc:lusive-OR gates to generate a single hit stream at 1.22S8 
Mliz. For the foi'w^md link, a data rate of only 19.2 kbits/s i.s 



needed, so only 1 of 64 bits gets used. The long code gener- 
ated in this way is XDRed with the data from the mterleaven 

The res Lilting data Is then encoded using the Walsh matrix. 
One row of the Walsh matrix is assigned to a mobile station 
dnring raJl scMup. If a is jjjes canted to the Wiilsh cover, then 
the G4 bits of the assigtied jow of the Walsh matrix are sent. 
If a 1 is presented, then the MOT of the Walsh matrix row is 
sent. This has tiie effect of raising the data rate by a factor 
of 134, from Ul.2 kbits/s to 1.22aS Mbils/s. 

The last, stage In coding is to convert from a binary signal to 
two l)inar>' channels in preparation for transmission using 
QPSK (quathature phtise shift keying) [nodulation. The data 
is split into I and Q (in-phase and quadrature) chaimeLs and 
the data in each channel is XORed with a unique PRBS nhort, 
code. The shcirt codes are st^readit^g sequcMu es tliai are gen- 
eral ed much like the long code, with linear feedback shift 
registers. In tlie case of tlie shori codes, there kuv two siiift 
registers, each J 5 bits long, with feedback taps that defme 
specific seqttences. These run at L2288 Mil/., The short code 
sequences, each 2^^ bits hjng, are connnon to all CDMA ra- 
dios, both mobile and base. They are used as a fmal level of 
spreading. 

After the data is XORed with the two short code sequences, 
the result is two channels of data at 1,2288 Mbits/s. Each 
channel is low-pass filtered digitally using an FIK (finite 
impulse response) r]\iin\ Tlie filler cutoff Ireijuency is ai>- 
proximalely 6] 5 kHz. A t>ijical FIR 11 Iter implementation 
might output 5^-bit-wide words at 41)152 MHz. The resuhanti 
and Q signals ai e converteil to analog signals and me sent to 
a lineal' 1/Q modulator. The final modulation is filtered 
QPSK- 

Multiple chamiels in the base station are combined in the 1 
and Q signals to supply the midtiple chmmels trattsmilted by 
the cell (Fig. 10). Bec-ause all users shatT the composite sig- 
nal from the cell, a reference signal called the pilot is trans- 
mit E<^d. The pilot has all zero data and is assigned Walsh row^ 
number 0, x^ hich cottsists of all Os. in other words, the pilot 
is made up of only tiie short spreading sequences. TVi^ically 



t,2288 
Mbits/s 



ZO ms 
Blocks 











9.6 
kbrte/s 





t^finvDltiLiDiial 
Eficodei 
1/3Ftflte 



Vot^oded 

Speech 

Data 




> Q 



Fig. 8. t.^DMA forward link physical layen 



94 



Dpct'mber 1993 llc'vvlt'tt-t\itkard .louni.if 



)Copr. 1949-1998 Hewlett-Packard Co. 



^ Lotig Code 




Stiift Register 



Fig. 9* lA^ng coflp privacy mask 



20% of the total ener^ of a cell is trajismitted in the pllor 
signaJ. The pilot signal forms a coherent phase leferent e r<:ir 
the mobile stations to use m demodulatuig the traffic data. It 
is aJso the timing reference for the code coirelation. The 
short sequenc es cillow the CDMA, system to reiLse all t>4 Walsh 
codes hi each adjacent cell. Each cell uses a different time 
offset on the short codes antl is thereby uniquely identified 
while being able to reuse the 64 Wash codes. 

Reverse Link Encoding 

The mobile station cimnol afforci the power of a pilot 
because it would tlien need to transmit two signals. This 
makes the demodulation Job more dOTicuti in tlie base sta- 
tions- A different coding scheme is also used, as showTi in 
Fig. 11. 

For speech, the same vocoder is used m both directions. 
The data rate Is agaiit 9600 tj|>s, A 1/3- rate consHilutional 
encoder is used, yielding an oiitpiii rate of 2S.B klnls/s, Tlie 
output of this is interleavf*<l nud then laken six bitsal a time. 
A six-bit nunibei' run rtmge from to ij-i ant I t^ach group of 
six bits is used as a pointer to ojie row of tlie Waisit matrix. 
Every mobile station can transmit any row of the Walsh 



rtKilrix ^Ls needed. At this point, tlie flata rale is :J07.2 kbits^s. 
but lliere is no unique codmg for chamielization. The full- 
rate long code is then applied, raising the rate to L2288 
Mbits/s. This final data stream is sijllt into 1 ^ind Q chamiels 
and spread witti the same slion seijuentesas in tfie t>ase 
sia1ir»n. Tliere is one more difference: a time delay of 1/2 
chijJ is applied to the Q chaimel before the FIR til ten This 
results in offset-QPSK modulation (Fig. 12), and Is used to 
a\ Old the amplitude transients iniierent in QPSK. This makes 
the design of the outi>ut amjjMer eiLsier in the mobile station. 

The capacity is different in the forward and revet^e links 
because of the differences in modulation. The forward link 
has the phase reference — the pilot signal — as well as orthog- 
onal codes. Ttie revei^e link sigiial is not orthogonal because 
the long codes are applied after the use of tiie VYaLsh matrix. 
In this case the signals are unconelatefl but not ortliogonal. 
Tlie base station has the advantage of miilti(>le receive an- 
lemias (diveisity). All fat'tors taken tfjgellier, the reverse 
link sets system capacity. 

Table I summarizes the CDMA channeli^tion functions. 
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Fi>(. 1 1 . CDMA reverse liiik physicul layer. 

Call Scenario 

To better iliusiraie how the CDMA system operates, the 
system fujiciion wiH be described in terms of mobile station 
operation. 

When the mobile station first turns on, it knows the assigned 
frequency for C'DMA service in the local area, ft will tune to 
thai frequency and search for pilot signals. It is tikely thai 
multiple piiol signais will be found, eacli wilii a different 



Parameter 

Fi'equeitcy 



Table I 
CDMA Ghanneltzation Functions 



Wabh Codes 



J^ong Code 



Short Codes, 
also called 
the I mid Q 
spreading 
sequences 



Function 

Divides the spec*- 
tnim into several 
1.23-MHz fre- 
quency alloca- 
tions. 

Separates forwaitl 
hnk iisora of the 
same ceil. 



Separates reverse 
link users of the 
same cell. 



Separates cell 
sites or sectors of 
cells. 



Notes 

Forward mid reverse 
luiks are separated by 
45 MIIz. 



Assigned by cell site, 
Walsh code is always 
ttie pilot chamiel. 
Walsh code 32 is al- 
ways the sync chamieL 

Depends on time and 
user ID. The long code 
is eomposeci of a 
42-bit-long PRBS gen- 
erator and and a user- 
specific mask. 

The I and Q c-odes are 
different but ai e based 
onl5^hitdongPRBS 
generators. Both codes 
repeat at 26. 66 7 -ms m- 
ter%^aLs. Base stations 
are differ entiate*! by 
time offsets of the 
short sequences. 



time offset. This lime fjffset is the means of distinguiatung 
ojie base station from miother. The nmbile station will pick 
the strongest |)dot, and establish n frequency reference and 
a time reference from that signal. It will then start demodu- 
lation of Walsh number 32, which is always assigned to the 
sync chamieL Tlie sync chaimel message contains the future 
contents of the 42~bit long code shift register. These aie 320 
ms early, so thu mobile stiition has time to decode tJie mes- 
sage, load its register, and become s>iichronized with the 
base station's system tirtie.. The mobile station may be re- 
quired to register. Ttiis would be a power-on registrati<:>n in 
%vhi('h the mobile station lells die system that it is available 
for calls and also tells the system where it is. It is antici- 
pated that a service aiea will be divkled into ssones, and if 
the mobile station crosses from one xone to another' while 
no c^all is In [progress, it will move its registration location by 
use of an idle state handoff. Tiie {lesign of the zones is left to 
the service pro\ider and is chosen to minimize the support 
messages. Small zones result in efficient paging but a large 
mimber of idle state handoffs. Lmge zones minimise idle 
stale liandofTs, but require paging messages to be sent frujii 
a large niuuber of cells in the zone. 

At tills point the user makes a call by entering the digits on 
the mobile station keypad and hitting the send button. Tlie 
mobile station will attempt to contact the biise st^ition witli 
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Fig, 12* Constellation diagrams for CDMA mudulalion formats, 
(a) Tlie baise station transmitter vises JlltorE>d QPSK- (b) The mobile 
station traiisniltter Uses tillered offeel-QPSK. 
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an access probe. A long code mask is used that is based on 
cell site parametera. It is possible tJiat multiple mobiJe sta- 
tions may attempt a link on the access chaiuiel simulta- 
neously, so collisions can occur. If the base station does not 
acknowletlge (on the paging channel J the access attempl, 
(he mobile station wiJl wail a random time and try again. 
After nvaking conuwi. the base siaiion \\ill assigii a (raffic 
channel with its Walsh number At this point, the mobile 
statioa changes its long code mask lo one based on its serial 
mmilier. receives on the assigned Walsh number, and starts 
the con\ ersalion mode. 

it is conimon for a mobile station communicaTing with one 
cell to detect another re lis pilot that is strong en? nigh to be 
used. The mobile station will then request soft liandoff. Wlien 
this is set up, the mobile station will he assignefl differeni 
Walsh numbers and pilot timiivg and use these in different 
correlative receiving elements. It is capal>le of combining 
the signals from both cells. 

Eventually, the signal from the fu^s! ccU wiJl diminish and 
the mobile station will rcHjuest from the second cell that soft 
handoff be terminated. 

At the end of the call, tJie channels v^ill be freed. Wlien the 
mobile station is turned off. it will generate a power-down 
registration signal that tells the system that it is no longer 
available for incoming calls. 

Testing 

The comiilexity of the CDMA system raises substantial test 
issues. What needs lo he tested, and what environment is 
needed for testing? To test the nifjbile station, the test equip- 
ment must emulate a base station. The tester needs to pro- 
vide the pilot* synCj paging, and traffic channels. It must 
provide another signal tjiat iLses orthogonal Walsh symbols 
that represent the interference geneiated by other users of 
the same cell, and it nujst provide additive noisc^ thai sinut- 
lates the combmation of CDftDV signtds from other cells and 



bacJcgromid noise. Bit error rate is not a meaningfiil measure, 
since substantial errors are expected at the chip rate and 
these are not available for test. The bits at the 96tK>-'bits/s 
rate are the only bits avaiJahie for test, and these will either 
be all correct as a result of error correction or will have sub^ 
stantial errors, ^Ttat is used instead is the frame error rate, 
a check of the received bits and the associated CRC (cydic 
reflundancy codej in each 2<>nts block. 

To test the transmitter, a new test has been defined: umve- 
form quail fi/. This is based on the cro.sscorr elation of the 
atlusJ transmitted signal to the ideal signal transmitting the 
same data Tltis is important to the system because the 
CDMA receivers are correlators. In fact, they correlate the 
received signal with the ideal signal. If a signal de\iaies sub- 
stantially from the ideal, the correlated poilion of that signal 
will be used to make the link and the urjcorrelated portion 
will act as adtlitive interference. Closed-loop power control 
will maintain the correlated power at the needed level, and 
excess powder w^iU be transmitted. The si>ecification Ls that 
tlie radios shall transmit witii a wavefomt quality tiiat limits 
the excess powder to less than (125 dB. Other transmitter mea- 
surements include i'l equencry and power control operation. 

Conclusion 

CDMA provides an advanced technology for celhilar ai^plica- 
tions. It provides high-quality service to a large number of 
users. It is a system that ha.s been extensively tested and it 
will be deployed later tMs year it^ precoinmercial a]ij>Uca- 
tions. Gonmiercial service is scheduled to begin in 1994. 
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DECT Measurements with a 
Microwave Spectrum Analyzer 

An HP 8590 E-Series spectrum analyzer with DECT source, demodulator 
and measurement personality can be used to provide a cost-effective 
solution to development, manufacturing, and pre-type-approval testing for 
compliance with the Digital European Cordless Telecommunications 
standard. 

by Mark A. Elo 



The HP 8590 E-Series microwave spectrum analyzers provide 
a portable, nigged, aiid versatile general test, solution. Ajt 
added advantage of tliese analyzers is their designed-in flexi- 
bililVf which allows I hem to he conilgured for speciilc mea- 
surement needs. The analyze I's cmi accept a range of op- 
tions in their hiiilt4n caidcage and their ROM-card reader 
allows the use of customizeri downloadable programs. The 
downloadable progran^ available for the HP 8590 E-Series 
analyzei-s include CTi. GSM, NADC, JDC, and now DECT^-^ 

Tlie HP 85723A DECT measurement personality is an HP 
application-specific downloadable program that gives the 
analyzer measiurement capabihties required for testing to 
tlie Digital Eiu'opean Cordless Telecommunications physical 
layer stimdaixl, Tlie measurement of DECT RF characteris- 
tics can present tlii^ engineer with many complex measure- 
ment retiui rem cuts. The ability to reconfigure a standard 
spectriun analyzer w ith a downloadable program and some 
extra hardware allows these diffk uU DBCT tests to be 
made at the press of a button. Extending and enhancirtg (he 
hmctionality of readily available test equipment in Uiis way 
provides a highly cost-effective solution. 

This article aims to explain the DECT physical layer defnu- 
tion and explore some of the extensions *ind enhancements 
applied to the HP 8590 E-Series spertnun analyzer diat tians- 
forms it into a DECT test tool After an mtroducrtion to the 
physical layer standaid and some basic definitions , tbp sol^- 
ware techniques and hardware reqiuiements of the spc^ctruni 
analyser configured for DECT physical layer measurements 
are discussed. 

WTiat Is DECT? 

DECT, which stands for Digital European Cordless Telecom- 
munications, is a new standard that presents many new^ inai' 
ket opportunities in electronic eommum cations equipment. 
It has been a conmion misconception that DECT is just a 
cordless telephone system. Htmever, the DECT standaid 
has provisions for more services ilum just telephony, with 
possible applications j^igtng from paging to cordless LAN. 
DECT's versatility can be attributed to its protocol stmcture, 
which is derived from the OSI (0£>en Systems Interconnec- 
tion) seven^ayer model of the Intenuitional Standards Orga- 
nization (ISO). The OSI model sinjciures a piece of equip- 
ment into specific parts allowmg for modular compatibility 



between different pieces of conmiimication equipment. This 
allows DECT to provide for not just European user compati- 
bility but also worldwide clecironic compatibility, tiffering a 
cordless link between most pieces of electronic conirrumica- 
tions equipment. Tlie top layei' (jf Ihc modeL layer 7, corre- 
sponds to the user interface, for example, the microphone, 
speaker, or keypad of a telephone. The bottom layer, the 
physical layer, corresponds to the Transmission medium, 
which for DECT is a radio link. The OSI model as originally 
couceiveti had no provision for a radio physical link. This 
was solved by redefming the lower layers of the DP2CT pro- 
tocol model. The bottom four layers of the DECT model 
correspond to the iow^er three layei's of the OSI model. Both 
of the network I ay el's correspond exactly, while the data link 
control, medium access contioh and physical Layers of 
DECT have no OSI equivalent (see Fig. Ij. 

ETSI 

Wlio defined tlie requuenients for DECT? ETSI, tiie European 
Teleconununications Standai^ds bislltute, fonued a nimibcr of 
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Fig. 1. The DECT protijcol structure is based on Uie Intcrriationyil 
Slajidardt^ Orgajiization's seven layer Open SyslemK Interainnectlan 
niodel. Because the DECT physical layer is a radio link, the model 
had to be niadlfied. The tower four layers of die EiECTiuoilel corre- 
spond lo the lower three layers of die ISO OSI njodel. 
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working groups to help defme European compatible conimu- 

nicaUons sj'stenis. The Radio Equipment and Specifications 
Group (RES ) has the task or creating \%'orking subgroups con- 
sisting of delegates from relevant equipment manufacturers 
to help define standards such as maritime mobiie, electro- 
ma^etic compatibilit>^ (EMC), and now DECT HES3 is re- 
sponsible for DECT and \s funJier sj:jlif ijito five groirjris. each 
with specific expertise. These grcmps co%^er te*it methods for 
type approval, the system ph^vsical layer characteristics, the 
protocol, system operation, and audio paranieteis. 

Physical Layer Specification 

C'EPX Conference Eiiropeen des Administrations des Postes 
et des Teleconununications. has allocated a frequency band 
of 1880 MHz ro 1900 MHz for DECT thus making it manda- 
tory to have this frequency band available throughout 
Eiu'ope. The DECT specification'* defuies ten carriers in this 
band with a carrier spacuTg of L728 MHz. Each carrier baJid 
has a channel nuruijer from to 9, Tlie channel carrier fre- 
quency is 1881.792 IVDlz and the chamiel carrier frequency 
Is 1897.344 MHjc. Eaeli of the ten carriers spaced across tJiis 
frequency band is used in a time division multiple access, 
time division duplex (TDMjfVTDD) scheme. Each carrier can 
be turned on up to 24 times in a period of 10 nis. Tw^o-way 
communirarion is achieved by using llie fii-st 12 instances tis 
the transmit time and the second 12 as the receive time. The 
data Ls modulated onto the ptilsed RF carrier using Gaussitm 
niinimimi shift keving (GMSK). Tlus metho<I deviaUvs the car- 
rier liequency by ±288 kFlz, with each deviain>n lepresenting 
a one or zero, respectively. 

Tlie GMSK uiodulafed flat a isorgmiized in I he fonn of pack- 
ets, the iengtii of each packet con'esponding lo ttie on time 
of tiie RF burst. As shown in Fig. 2a, a DECT packet can be 
split into tliree fieldsH the synchronization field, the data 
fickl, and an optional error coned iou field. These aie abbre- 
viated its tin* S, D. and Z fields, respectively. The first 16 l>i1s 
of llu' S field contain a preamble fjf alternating Is and Os, 
either 1010... or the Inverse dependmg on whether il is a 
fixed part transmit jjackel or a portable pari, txansniit 
packet. Tlus is used for c lock recovery. Tfie second 16 bits 
of the S field is tlie synchronization word, which again has 
one form if it is a fixed pan transmit packet and the inverse 
if it is a portable part trtmsmit packet. 

The D field can split into a further two fields: the A and the 
B field. Tlie A field is M hits long mid coutaiiis DECT signal- 
ing data. Tiie B fiekl is die [nu1 of tiie [>ackel Uiat ton tains die 
infomiation that needs to be ti*ansmitu*d. although tlie B field 
can also be used for signaling data in B-fjeld-tjrdy systems. 
The Z field is optionjil and is four i)its in length, h is a copy 
(jf the last foiu' bits of the E Heki ;iik1 is iiserl for detecting 
time collisions from olher rionsynt iuonisied DEC 'f systeuis. 

Four packet sisses witfi varying B field lengths aie defined 
for DECT: short,, basic, low-c^apacity, and high-capacity (sec 
Fig. 2b), Tlie short physical packet has no B fitid; it transfers 
signaling data ouiy ar^d <;an be used for sutii api>li{'ations its 
paging The basif DKC'V pliysical tiarkel fur speech lias ;i24 
bits in the B field ^md is 42tJ bits long altogether Wittr a bit 
rate of 1152 kbits/s this equates to a packet length of 364.6 
us. The low-capacity t)acket has a data field smaller thjm the 
has ic pac kc t ar u I d ) e 1 1 1 g h -( a pa< ■ i ty p ac ke I s t la t a 11 c I c I is 
larger, Thert* is no set api>licai.lon for the low<'apactty 
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Fig. 2. taj DEf'T dau packet, (b) Tlie D fitjld h split inta twt) fielcls: 
A and B. TItc li^mha of the A and B Odds depend on Uid DECT 
applieatkjn, 

packet, but the high-capacity packet can be used for applica- 
tions that require low overhead, such as cordless L/\N. For 
the purposes of this article only the definition of the bttsic 
physical packet wiU be considered. 

It has alrearly heen ruentioned that each packet of data is 
raodulated oruo ;in artive carrier within a l(J-nis frame. The 
frauie contains Il»520 bitSt which are eciually di%dded into 24 
full slots of 48(1 hits. A full slot is 41li.7 as long. The short 
physical imcket mid hasic physical packet, both occupy a full 
slot, while the low-capacity [jacket iLses only half a slr>l and 
the liigh-capacity packet occupies two full slots. 

Two other definitions important to the DECT physical layer 
chai'act eristics are the ioopback ftelcJ aiif J the position of bit 
P{v Ulien the equipment under test Ls placerl in loopback 
mode it nuist ret raiismit du^ relevant !) tlekldala received 
from tlie tester. The loopliack |»arT of the I) Held is generiilly 
the data cont;iJned In the B field excej^t for the Adleld-only 
short packet, for which the A field is looped back. DECT bit 
Po Is the t ir:unK reference point that tlermes the beginning of 
the t>ai kct. Its position is 16 bit periods belbre the l>il tnuisi- 
tion that occurs between the pre^unble and the syiichroniza- 
t.icju word Tcj meet the t,Vi)e-approvaJ Lest spec incationt it is 
importcmt that a relatioiishiij between the position of po 
and the triggering time of the measuring instnmient be 
establishetf 

Testing DECT RF Characteristics 

( JrH'-lnittoii mcasuiemenis avaikdile with tlic MP 85723A 
Di^jCT pi^r-sonality are: carrier pf)wer. piiwi-r-versus-timc 
leniplate ruciLsiiremeiUs, spinious emissions, inLennodulali<JU 
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aittsenuation, adjacent channel power diie to modulation and 
transieTits. and frequency modulation tests such as deviation 
and carrier acc'uracy. These tests require tnore Uian jusi a 
stajiiiard HP 8590 E-Series microwave spectntrti analyser. 
The optional fast sweep and time gate are required, plus a 
DEC'T-specitlc demodulal.or option. A built-in DECT source 
can be added for FiF component testing and receiver sensi- 
tivity applications. The analyzer's ability to receive atid op- 
tionally transjnit gives the user a single-box DECT test tool 
that can effectively double as a DECT triuisceiver 

The DECT Transceiver 

An underytandiiig of how^ the HP 8590 E-Scries analyzer is 
configured as a DECT measurement tnmsceiver can be 
gained by { onsidering how a packet of DECT data Hows 
through the auaJy/,en referiing (o Fig. 3. The analyzer can be 
split into two parts: the receiver and die Iransnvitlcr. Initially 
the data must be transmitted to the unit under lest from the 
DECT source or transmitter Two considerations must be 
taken into account when transmiltiTij? a digital signal in a 
TDMA system. The first is that the data must be modulated 
onto the HF carrier in such a way that it will cause miiiimal 
spectral occupaivcy. Secondly^ the c^arrier must be switched 



on in a correct DECT time slot . Tlie back panel of the ana- 
ly7.er hiis two BNC TTL inpuls called TFl Data in and Time S^ot 
In. The TTL data input signal is iJiiUally passed tiirongh a 0,5 
GMSK filter {as defined in the DECT standai'd) tf) smooth ttie 
edges of the digital signal. At the same time ttK^ ctifjier is 
switched on for the data packet's diu-ation via tiie KF switch 
which is activated by a TTL signal input corresponding to 
the length of the packet at the time slot input connector. 
Data and signaling from tui external source are modulated 
onto the tracking generator signal and transmitted from the 
DECT source output on the front panel. 

Tl\e equipment under t^t: receives the RF signal, demodu- 
lates and decodes it, and assuming that the transmitted signal 
contauis the required protocol, retransmits a response. The 
IIP 8500 E-S erics uiicrow^ave spectnim analyzer receiver 
converts the high-frequency RF signal response from llie 
equipment imdcr test into a low^-frequency signal that can he 
easily processed. This down -converted or fF signal is ampli- 
fied and fed into one of tiie analyzer's analog-to-digital con- 
verters for processing and tiispiay on the CRT A parallel path 
to the analog-to-digit£il converter is through rni FIV! discrimi- 
nator, wluch demodulates tiie signal for FM measmements. 
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Fig. 3. Block diagram of an HP a^j90 E-Series spectnim analjiier wtth Option 012 DECT source and Option 1 12 DECT tlemodukior. Other 
options needed for DECT mpa.siirements are Option 004 precision fr^Quency reference. Option 101 fast time-domaiu sweep, and Ovidon 
U15 time gated spectrum anal^^is. 
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The deniodulated data als*> passes through a sqnanug circuit 
and L*5 convpjted to a TTL leveL which is output \4a the Data 
Out connector on the rear panel. 

To enable the Tl)MA signal to be displayed correctly the 

display driver circuitrj^ must be supplied with a suitable trig- 
ger. The trigger signal path has an important role In this ap- 
plication since the analyzer must know the position in time 
when the mo<iulated earner is received. A trigger can be 
provided in two ways: from a detection device that outputs a 
positive-going edge when Uw RF switches on, or from a 
logic signal indicating the slot tmiing. derived from the con- 
trol circuitry of the eqiiipnient under test. The trigger signal 
is initially fed into the uiput of the gate card- The gate card 
has two funciiojis. The fust is to provide a programmable 
delayed output which is then connected to the external trig- 
ger input, providing a post-trigger function. The second is 
the abihty to switch the video path of the analyzer, allowing 
only selected time intervals of the signal to be measured 

Emissions Due to Modulation 

Tl^e first test to examine is t lie rne^isurenient of emissions 
due to modulation. This Is an irnpojlatit measiuenient in any 
communications system ami indicates to what tiegree the 
transmitthig channel of interest ii\ferferes with its acyacent 
channels. Adjacent channel power can be defineti as a leak- 
age ratio, that is, the ratio of the [lower tratistnitted (by leak- 
age) into an ajcljacent chamiel to the total power trans 1 11 iUetl 
t>y the transmitter. Tlic primary requirement for the measure- 
ment is to niciisure the total power in a defined passbajid. 
The receiver bandwidth for DECT is 1 Mllz. Therefore, the 
ratio of the power in the transniil band to the power mea- 
sured in a I -MHz passbanti ceiilLTetl on any other DECT 
channel will give the acUacent chamiel power ratio. The 
emissions due to ntodulation meiistirernent on the DECT 
system is a measure of how nnK h power leakage into 
acljat ent channels is caused si>et itlcally by f iMSK modu- 
lation products. IV o factors jnust bt^ considered in Hiis 
measurement technique: 

» The transient products caused by the RF switching of a 
TDMA/TDD system nuist be eliminated from the mctisine- 
rnent mid chai acterized separately. Otherwise^ they will 
dominate the result. 

* The measuring device, in this case a swept spectrum ana- 
lyzer, must be abie (.0 nieasnre the sum of a number of 
powers, wliit^h will include noise us well as sine waves, in a 
defined band. 

To meet tlve first requirc^menl the time-selective spectrum 
analyzer option card must be used. To omit ali spectral t^om- 
ponents resulting frcmi time division switcliing tif tJie RF 
signal the aiialyzei^ must only make a me^asurement when 
the carrier is switched on during the on portion of the hurst, 
thus making the analyzer*s sampling h^ndware thijik the sig- 
nal is present all of the time. There arc many places in the IF 
path a time-st^leclive switch can be placed. For ojitimum 
results the HV 8590 E-Serit^s nii<'fowave spectrum analyzer 
uses the time gate option cartl 10 peribmi a vitleo time gate. 
This permits the video signal to reach the sampluig haid- 
ware only iluring l.lie selected time uiterv^al, giving tlie ap- 
pearance of a CW signal that is purely digitally modulated. 

The analyzer mtist be provided wijli a signal In iufnnn die 
video gate when to open and c^lose. The required signal is a 
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B6902A burst carrier trigger detector circuitry produces a positive- 
gomg TTL edge when the RF burst switches on. 

TTL signal from the equipment under test to indicate tlie 
switching on of the RF bmst (TD1VL4 signal in Fig. 3). This 
can be achieved directly by taking a TTL signal from the 
control circiiitry of the equipment under test or indirectly by 
using the liP 85902 A bmsl carrier trigger as shown in Fig. 4. 
This sigiuil is connected to the time gate caixl input. Tlie 
card also needs iwo inogrammable parameters: gtite delay 
and gate length. The gate delay is a time delay between re- 
ceiving the gate card ir\t>iit sigiml and switeliing the video 
gate on, and the gate length tells how kjng ihe video time 
gate switch remains closed. 

Time-selective spectnmi analysis can be a useful tool for 
measuring TDM'l systems. However, the video rime gate 
complicates the RF path in the spectnmi analyzer. Spectnmi 
analyzer settings such iui resolution bandwidth, \ideo b^md- 
witld^i and sweep time can be difficuit to optimize for a 
gated measuremenL 

A number of ndes w^ere followed in implementing a time^ 
selective measmement. in the HP 857!^3A p<'rsonaIity to en- 
sine that the frequency and amplitude results are correct. 
Tlic screen displays 40! data t>oints IVorti the ADC. So tliat 
the spectTinn analyzer (*aii correctly sample inilsefi modu- 
lated signals, the sweep time nmst be long enough to ensure 
that each data point, contains some burst inlomtalion. This 
is gu^nanteod if the sweep time is set to 401 times the pulse 
repetition inten^aK which for DECT is 10 ms. Tliis equates to 
a 4-to-5-second sweet> time, Fcjr each sample^ ihe tiiTie la^ 
riod between the RF"s switching on and the vicieo gates 
switching allowing tlie signal to be analyzed nnist l>e stifR- 
ciently long to let tlie resolution bandwidth 11 Iter charge or 
set up. Tills is refen-ed to as tlie setup time. The video banti- 
widlh niter must also have sufficient time to charge^ and 
because the video bandwidth titter is postd election, its 
charge time is dependent on the gate length. The ETSl st>eci- 
fication dictates tliat a BfJ% poriion of tlie burst, canicr must 
be analyzed, which sliould hegin at legist 25% of the t*>ial 
length of the bui'st away Irani die staiL Ctmip tiring this to 
the timing characteristics of a basic physical packet shows 
that (he observ^ation window or gate length should be 218 us 
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[Starting 91 jis away from tJhe start of the burst or the 
position of bit po In this rase then, tiie seliip time is approx- 
imately M ^s. The resohition bfiod width must be set to a 
vahie greater thrill '2 over the setnjj time, or 22 kli^, imti the 
video bantiwidlli nmst be greater thaii 1 over the gate lengUi 
or 1/218 us = 45 kHz. 

To meet the seeond requirement abovi*, a noiscstyi>e measure- 
ment must be made, but it, is not sun ply a case of placui^ the 
marker on the noise tloor; mtae tomplex measiuenKMit eorv 
si(jerafi<jns must be taken into aceomit. Acjjaeent ebannel 
power measurements have traditionally been carried out with 
a measuring receiver, which measures the sum of yjowers 
through a specified filter. However, the ETSl tyi^e-approval 
sptx'ification is nu>re suited lo a Aspect nmi analyser IVo key 
points can be taken from tlu^ sjjecincatiorr Thc^ fn^sl is that a 
lOO-kllz resolution bandwidtli fdter sh*>idd be swept over a 
I-MII^ range, and the second is tliat actual power is the aver- 
age of the powers measmed in aU of the 10f)-kllz trace data 
points, VVliy should it be done tiijs way? Wliat is rcn]uired is 
the noise power in a specified band, with the noise leakage 
from other channels kept at an absolute minimum. Tlie roll- 
off characteristic of a KlO-kHz filter is substantially better 
than that of u 1-MMz filter. Therefore, if the power in each 
lOO-kHz trace data point is measured, and the smn of the 
measured powers is divided by the number of measure- 
ments taken, the tf>tal noise power wit.fiin a l-MHz bai^diiass 
niter is resolvetl with da^ m>ise response of a 1 (Id- kHz tiller, 
T h e res i d t i s t f i e ] k 1 1 o r 1 1 1 al i / 1 m i w i d i a stilting far I o i to c on eet 
for using a lOO-kHi: niter instead of a IMHz resohilion band- 
wifhh niteTi This nieasurement is repeateti oti all DEC'T 
channels relative \a the tniJismit chamiel. HP 8FJ90 E-Series 
analyzers' ability to t>erform math on displayed traces is 
ideal for this type of noise measurement application. 

Emissions Due to Intemiodulation 

The emissior^s due to hitermralulation test follows ah the 
same ndes as the emissions doe to modulation test. The 
priniaiy test requirement is that two cai'riers are set up on 
different channels but using the same time slot. This enables 
the time gating fmiction to capture only the on periorl of the 
burst c^uriei's and integrate pcjwer in a 1-MIlz b;uul Fig, ^ 
shows I be effect of removiiig the TUJMA using time gated 
spectnim analysis. 

IVansniission Burst Timing Parameters 

The ETSl type-approval specification requires that the switch- 
ing characteristics of the RF burst fall within the* limits of a 
sijecified template'. Tlie NTP, or normally transmitted powc*r, 
is the average pr.iwer over the burst duration. Tlie rise and 
Fall slope limes must be less than 10 us and the power of the 
burst must be less \hm\ -A7 clBm after 27 [is on each side of 
the hui'st. A spectnim analyzer is iileally suited to perform- 
ing this measurement, having the ability to generate liiiiii 
hnes represcntmg the specifit^d teniplaie tliat autoTUatically 
detect an Lncoixect signal. However, some comjilex mea- 
surement rules^ must be observed and accurate limit lines 
must be create<l for every size of DECT packei. Tliis again is 
a set of tests that e^m be perfomied easily witli the aid of a 
nunisnrenienl personality. The measurement personality 
chooses the optimum resolution and video b^md widths, 
selects the relevant sweep lime, and calculates the correct 
timing parameters, providing a suitable trigger. 






.* (ffi» »AT Iff <ie 

turn at^tr-r f-'-eOMCl -^|* 










■ veu 1 piHr 



(a» 



Loa 

orr&T 
30. a 
as 



SC €S 







ft- 








^f^^-^ 


^ 


Grt Jt 


-••• 




UH orr 
rtHcrpfo 









iVt=H 1 HH* 



i£M<* 14.0 



Ibl 



Fig. 5. Time gatt^d .sptHtriim analysis ran disiilay tntennrrfhilaLirm 

prrjducts that would normally be hidden in the AM splatter of a 
TUUA system, (a) Time gate on. (b) Time g^ate off. 

To view the rising or falling edges of a pulsed RF signal wilh 
good resolution, it is vital thai the trigger" timing be f i irrc^ct- 
For tJie rise time uK^asurement a pretrigger fund ion must 
also be included. A pretrigger function in zero span is be- 
yond the fimctionalily of most sjict Iniru rmalyxt^rs, Imt a 
post-trigger signal can be (Mealed by using tlie rinKiionality 
of the time gale earil As in the previous measmement, the 
equJimieni must provide tiie gate card witii a TTL signal indi- 
cating that the RF l)ui'st is switching on. The gate delay and 
length Vim then be set nsing the at)propriatt^ fmiction. In this 
case, the signal that would normally switch the \ideo signal 
on or off is diveited to tlie gate output BNC on tlie hack 
pimel of the aualyzer (see Fig, '3). Wliat this now provides is 
a signal that can be delayed in time an oplioruil mnount. If 
this signal is th(^n connected to die extenuU tiigger input of 
tht^ ai\iU>'zer, ^m tiffed i\'e trigger delay can be createfl, thus 
offsetting the analyzer display in the time domain. This gives 
a ijost-lrigger^ which is not entirely what Ls required for this 
set of tests. However, it Ls c|uite easy to inovitie a |>seudo- 
pn^trigg(*r. The easiest way lo do this (see Fig. 6) is to trigger 
off bui'st n and monitor btmst (n + 1). U\ for example, a trigger 
delay time of 30 [\s is requii^ed, the gale delay of the spec- 
trum i^ialj-zer slumkl be set t<; the pidse repetition interval 
(10 ms for DECT) minus die jvret rigger lime (30 |is). 

The analyzer settings nuist also be optimized for pulse mea- 
surement peifonrimice. ' TVo measiuement criteria m*e im- 
port^ail: the firet is an at:e urate represtmtation of the pulse 
shape and the second is good timing resolution ailo^ving fast 
events to be observeil hi the cjuse of DECT, die correc't 
choice of resolution Irand width will give a good pulse re- 
sponse. If the resolution band\%idtb is too narrow for a digi- 
tally modulated bn[*st, the fre<]nency exenmons resultmg 
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Fig, 6, Post-tiifii;pr fLinctioiiality can be used to provide a pseudo 
|)n'Lngger by iilj^^eriii^ on biirsT n and nioniroring burst (n + 1). 

from fiigital moduiatif>n will move tlie cat'rier down aJong 
Uie filter skirt. This will caiise FM-to-AM conversion on tlie 
stable part of the burst. A wide resolution barulv^ldtji will 
avoid tiie conversion process. For GMSK foniiats such as 
DECT, the resolution bandwidth must be greater than 1 .5 
tirucs the bit rate. A nan^ow \1deo bandwidth degrades the 
pulse response avtiiiable from the resolution bandwidth, so 
I he \ideo bandwidth must be greater than or equal to that t)f 
the resoliil ion i>andw idih filter. Any sweep time can be cho- 
sen to view tlie desit'ed time, with the best time resolution 
being a 20-^s sweep time witli I |js of jitter. 

One IIP 8590 E-Series advantage used in the power-versus- 
tinie ineasurements is the added functionality of 110-dB 
dynamic range. Tliis is achieved by using the spectrum ana- 
lyzer's built-in ability in manipulate the display matliemati- 
cally. Tlie spectnmi analyzer*s display ciin be stored in inter- 
nal trace locations or registers. Tiic Tneasnrcnient uses this 
as follows: two uieasm cments iire taken witli the vertical 
axis set to 10 dB per division. One measurement is taken 
wilii the reference level and attemiator set to suitable values 
for a noniinaily 20-dBm iniitit, signal and is stored in a trace 
register. Then a seconrl uieusuremcnt is t^iken with the at- 
tenuator set to 10 dH and tlis^ reference lin*:l to -10 dB and 
is stored in arujther iniee regisfet\ If the Irace data frr>nt the 
two measinemettts Is then mergeil at ul displayed with the 
vertical axis set lo 15 dB per tHxision the result is an effec- 
tive 1 10-dB range. (This gives rise to some concern regard- 
ing overdriving the mixer into compression, tlowx^ver, the 
mlernu^iulalion effects would not be st^en because the mea- 
surement is zero-span. 1'he amplitude effeets woukl also not 
be seen liecause the rnixer is only in eonipression in t he 
seconti measurement, when the bottom part of the burst is 
being ana Ivi'.ed,) 

Demodulation 

The tests that a spectnmi analyzer can perfoini I hat ret in ire 
demociulation are cm riei' acctiracy and lVe<|nt!ney deviation 
measure[nents. Both im*jLisurements iire carried out in Uie B 
field. This applies to Jili j>acket ty^ies aj^art from the short 
physieal packet whose FM characteristics are (esied in the 
A field. For the frcquen* y accuracy tests tlit^ B field diihi is a 
suect^ssjon of four t)s and fotu' Is ^nul for the frefjuency devi- 
ation test the too] I back data begins with 128 bits tisci Hating 
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Fig. 7, The loopback field for the basie DECT packet Is the B Held 
filled \si\h set dafa patterns as deHiied in the ETS 300-176 DECT 
spwifiratitrn 

betw-een 1 and 0, liien t>4 ones, 6-i zeros, and finally C4 bits 
of 101010... (see Fig. 7).** 

DECT has a maximum bit rate of 1152 kbits/s. so 101010... 
eqtiiites to a freqtteruy ofatjproxiuvately 576 kllz. T)iIh hn- 
l)lies that a widebimd demodulation de\ice is re<tuired to 
resolve imd tiisplay DECT cbta. Optimising Uu^ sj>ecinim 
analyzer fort his nieasnrement insoKes botli hardware and 
software considerations. The standarrl demodulator Ijoard 
for the HP 8590 E-Series mialyzers needs to be reeontlgured 
to pro\ade added functionality'^ m the foim of a witler receiver' 
bandwidtli. TIte analyzer sampling time mid data analysis 
must also be considered so that DECT data can be resolveiL 
Tlie spectnmi mtalyzer in FM demodulation mode using the 
Option 112 DECT demodidation card displays the signal on 
the screen with the y axis representing frequency and the x 
axis representing limen giving the effect of a frequency oscil- 
loscofje, where amplitude iseqiiivMlent to frequency tte\iation 
ajid the center of the screen etn rv"S|iurnls lo tlie earlier center 
frequency (Fig. 8). 

In the RF signal jiath fFig. -J), Jifter down-c^onversion aiul 
amplification ttie signal must pass through the th* modulator 
boaitl The display also needs to lie triggered correctly The 
switeJi-on time of I he RFlmrst must again be extracted fi'om 
the inimi signal to determine theat>t>r<3XinKite jxjsitiun ofhit 
Poand the stari otihe data ]>a('kt'i. The demodulaiion test is 
an ideal application fur the ad<lett post-trigger tuiictionality 
provitled by the gate card. For a basic physied packet the 
deviaiion and eenter frequeney art nracy are calculatetl 
tnjm llie way da!a deviates in lYe^jueney only in tlie B field. 
The trigger signal puih in Fig. -) Hows into the gate cai'd in- 
put. Tlie gate card is agaij^ set to divert the trigger sigjial 
from the video gate switch to the gate card outpui, which is 
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a function oftiure. The INSPECT PACKit function allows Lht^ user to step 
iliroiigh tht^ packet in SO-p int;n?rientji^ 
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Fig, 9, The fast iitialog-lo-digitiil convener carti has art onboard 
l(iK-lj>t{* RAM, allowing tht' analyser to capture a whole DECT p;it!ket 
wiih enougti resoliiMnn to see maximum-bit-ratc data traji^iiltons. 

coimected to the external trigger input. The synchronization 
field and the A field aie approxunately 83 us in length, so the 
gate delay is set to diis time, forcing tlie measure jnenl and 
the CRT display to ignore the S field. 

Fur the deniodulalion test the DECT bit rate and the ana- 
lyzer's sweep thne must be taken uito consideration. Tlie 
sweep t line and display resolution are fimctions of the up- 
date time of tlie aJialyzer's an;:ilog-ro-digital converter ^liat 
must be consitlered is the time it takes for a Dl.CT bit-to-bil 
transition. A DECT data packet luis a worst-case bit-to-bit 
transition of 570 kHz or one bit change per 8t38 ns. To tUs- 
play this signal the analyzer must update its anaiog-to-di|tiital 
converter at If'ast twice dunng this oscillaiiojL 'I'he sjunple 
time of the converter is 50 ns and tl^e screen width cnnsLstiS 
of 401 data points. A burst is 3G4 [.is in duration, so to display 
the whole liurst in zero span the sweep time w'oiild be set to 
;304 ^s. However, 3G4 us/ 101 means that each measurement 
point w oidd represent 907 ns. which is not enough to re- 
solve a piece of DECT data at its maximum rate. The sample 
time of tiie fast analog-lo-digital converter is adequate to 
resolve the data eiii^lly Therefore the cballertge is to capture 
one whole single packet of data and display it with euotigh 
resolution. Choosing a faster sweep time helps j but then 
how can tiie whole packet be inspected? One feature of the 
fast analog-to-digital converter option card is tliat it contains 
its own 16K"byte meuiory block. As showTL in Fig. 9. the ana- 
lyzer's display lias 4t) i honzcmtal measurement points, and 
on each sweep of the analyzer 10,384 metisurement points 
are collected. Thereforen with an BO-ns displayed sweep time 
tlie actual total data capture tmie is 3,2 nis. An 80-us sweep 



thne w^as chosen because at least one DKCT data transition 
with the ret|uired test data patletTvs can Ijc seen. The ana- 
lyzer can capture a whole DECT packet and store it in the 
fast aiialog-to-djgital memorj-. Once a DECT data packet has 
been captiued the measurement Ctin be performetl, iUKl even 
with the KF input removed the user c^m step up ^md down 
the packet in 8(J-[is segments to uispect the received data. 

The DECT Source 

To com| ) le 1 1 ] e n t I h v 6 o w 1 1 1 om\ ab I e progra 1 1 1 ai i d p ro vi de a 
more complete sohilion in one box, the standaixi tracking 
generator of the HP 8590 F>Series microwave analyze i^ was 
modified to provide a DECT source. This source contbined 
witli file receiver capability of tlie spectriim analyzer pro- 
vides IjECT physical layer functionality. Fig, 10 is a simph- 
fied block diagrmn of the tracking generator modified in this 
way. The user supplies tiA^o inputs: the data and a signal to 
switch the earner on and off. Tlie data injiut accepts a TTL 
level sigiiEil w^hich is fed directly into a 0.5 Gaussitui filter, as 
specified by the standard. The smoothed data is used to fre- 
quency modulate a 600-lVIIIz VCO, which is leveraged from 
the HP 8920 RF communications test set, producing a signal 
at (>00 MHz ±288 kHz, Tiiis signal is then fed into the track- 
ing generator imd mixed v^ilb a 92. 14- MHz signal The vari- 
able YlG-tmied oscillator is mixed with the resulttmt signal 
to produce the requireil t)?]CT frequency oulpuh The otUput. 
frequency can be set from the tiownltjadable jirogram by 
either setting a chfinnel or entering a stjecillc frequency. The 
RF switch rise atul fall times can also be user-tlerined by 
setting the switch citrrent input on the back f)anel of the 
analyzer. 

Ttie dynamic range of the source is between -20 dBm and 
-S^^ dBm. Tliis ranj;?e was ciiosen to comply with the needs of 
servsitivity testing, as defined hi DECT standai'd ETS 300-176. 

Applications to Sensitivity Tests 
The sensiti\ity tests or bit error rate tests for DECT are 
defined requirements. ''The standimi dictates that tlie equip- 
ment under test must be set in a certain mode. To achieve 
this mode the test equipment has to communicate with the 
equipment under test, respond to the equipment under test's 
reply, and then make a measurement on only a specified 
piece of data (Uiis has already been seen in the FM tests J. So 
that tlie tT^yje-approval tests can be met fully, tiie mecUum 
access control (MAC ) protocol layer and the physical layer 
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Fig. 10, Block di^igr^ii of the DECT source for HP S590 E-Series spectrum analyzers. 
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Fig. U. For sensitivity tests, the DECT type-approvai specification 
requires that the medium access control and physical protocol layers 
be implemeiUed as pail of the test sj^stem. A prolot^ol interface pro- 
vided by die DECT equipiiieiit niaiiLila.cliirer \s itsed for lliis purpose. 
The equipjiieni tiiider test ts set into a loopback test mode so that it 
retransniits the received data. A bit error rate tester compares the 
retransmitted loop back field witti the data originally transmitted, 

must be implemented as part of tlie test system. Tlie HP 
8590 E-Seiies spectnmi analyzef optimizerl ibr DECT inea- 
suremeiits can transmit TTL data packets Irom mi extpnial 
protocol generator and receive them from the equipment 
imder test. Thus, with some hardware and software addi- 
iiouis, ihe spectrum analyzer can form a significimt pitrt of a 
sensitivity test set. 

In brief, tlie type-approval speritlcation says that the bit 
error rate must be below a certnin ratio for received signals 
of less than -73 dBm or -83 dBm depending on the test. The 
bit error rate test can l>e done in the B field of tiie DECT 
basic physical packet, A pseudoraiickim binaiy sequence 
(PRBS) ntusl be jiiserled into the tester's transmit field or 
loopback data Held In loopback mode, the etinipment under 
test will retrartsnut its received loopback data back to the 
testen llie receiver part of the tester must then recover the 
clock, strip off the s3mchronization field, signaling data, and 
error correction Held, and then compare the received B field 
PEBS with the originally transmitted PRBS. IF the DECT 
mamilaclurer can provide an interface that generates the 
required levels of protocol a sensitivity test can be carried 
out. Tlu^ HP 3784A I jit error rale tester can generate a PRBS 
to insert, into the loopback Oeld and perlbrm a bit error rate 
test on the received loopback data. Fig. 1 1 shows how this 
can be achieved. 



Manufacturing Remote Control 

With the addecJ artalyzer functionality' of the Option 021 
HP-IB (IEEE 488, lEC 625) or Option 023 RS-232 interfaces, 
all the functions of the HP 85723 A measurement personality 
can be accessed remotely' The HP S5723A measurement 
personality has an extensive set of progranimu^g commands 
aJJowing all fromi>anel commands to be executed in an au- 
tomated test sy^steni- Therefore, the same tool that was used 
in development and pre-type approval can also be of use in a 
manufacturing environment 

Fig. 12 shows the analyzer set up as a manufacturing trans- 
cei\ en This tyT>e of system would include the DECT equip- 
ment mtmufacturers o^tt protocol generator a PC controller, 
and the HP 85902A burst carrier trigger. The test suite this 
system w^ould typically perform consists of an absolute 
power nieasurement * the power-versus-time template mea- 
surements, the frequency error/deviation test, and a sensitiv- 
ity test. The first three tests can be carried out automatically 
with just a controller and the HP 8590 E-Series spectrum 
analyzer with the HP 85723A measurement personality. The 
PC or controller calls all of the RF measurement routines 
tlnough an HP-IB or RS232 interface , and the measurement 
personahty returns all of the results once the measurement 
has been completed. 

The HP 85 723 A software has been designed for versatihty. 
For example, the main manufacturing need for test equip- 
ment is speed. For maximum speed, the personality c;in be 
progianuned to perfonn the tests opthnally rather than by 
type-approval specification. Tfiere are two paths the manu- 
lacturing engineer cmi take when programming a suite of 
DECT RF tests: tlie direct route and the block route. 

Outlined below is a typical programming example for the 
emissions due to modidation test. The HP Inst rurneni BASIC 
language is used as a platform for access! tig Ihe HP-IB, al- 
though other Languages can be used as well to eor^troi the 
personality. To set the analy7.er to measure with the reference 



Proiocol 
Gflneralor 




Equiiimfiril 
Urid&r 
Test 



Fig. 12* Speetniin analyser setup for nianuf^cturing rr&ifitelver 

(operation in au automated test system- 
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on DECT cliannt*! 9 for the test the* following code is 
needed: 



10 OUTPUT 718; -.CHN 9:' 

20 OUTPUT 7 10;"_ACPMOD:' 

30 REPEAT 

40 EfJTER7ie;Done_ff3g 

50 UNTIL Done^flag-1 



ITune to DECT channel 9 
!Do the test to tvpe-spprovaf 
Isweep time requirements 
ILoop until the analyzer has 
ICompfeted the measurement 



If, however, some analyzer setup parameter needs to be 
rhajiged. for exHr!i[>lr Ww sweep flnie, liuTi ACPMQD ran lie 
split intfj two paii.s or biocks, _ACPS and _ACPM, The firal is 
the aixalyzer setup for the measure inent and the second is 
the actual measurement. For example: 

fTunetoDECTchanneig 



10 OUTPUT 71B;"_CHN 9;" 
20 OUTPUT 713;' _ACPS;" 
30 OUTPUT 718: "ST 5:" 

40 OUTPUT 718;"_ACPM:'^ 
50 REPEAT 

60 ENTER 71@;DoneJlag 
70 UNTIL Done_ftag-l 



>Set up 

f Change sweep time to 5 seconds 

fDothe measurement 

ILoop until the analyzer has 

ICompleted the measurement 



This is a good example of how (he HP 85 7^: J A measurement 
personality can be remotely prfjgtmiuii(.Hi to perfurni a le^l 
more optimal ly. The DECT type-approval specification de- 
iiiies a resohition bandwidth of 100 l<Hz, a video i>andwidth 
greater than Uie resolution bandwldiht and a swi^eji time 
grealei' tlian 12 secontis. This article has already discussed 
the IIP 8590 E-Serics ;uiiilyzer settings for such a uieasure- 
ment. The HP 8590 E-Scries microwave spectnun analyzer 
can make the mejisurement just as accurately with a sweep 
time of 5 seconds* 

Summary 

DECT s growth is expected to meet or exceed that of GSM. 
making it I he definitive t <irdless telect)mmunications stan- 
dard ill Europe and iu other parts of the w^orld. With such 
high projected tise especially with portable handsc^ts, the 
tyjie-approval specificatiou must ensure that DKCT does ntil 
interfere with other radio sysleiiis. The RP spet.inun iu Eu- 
rope is already crowded with many other communicarions 



systems giving nianufacturers a challenge to ensure that 
iheir RFrommunication equi[mienf meets tlie required stan- 
&<iT(.l Tlie type-approval staii€lard ensures that DECT equip- 
ment will work fteely with rather radio systems. The stan- 
chu^d is neanug final vedfu-aiion, heconiiug Europeati law, 
and electronic comnntni cations equipmerkt maJtufacturers 
will need to invest iti (est equip jneul Is: verify their products. 
Iu the futurt\ test equipuu'Ul nfferiug mijrc ctanplete s<jIu- 
tions will he required, but today's research and develop- 
ment, pre- t>7Je-appr oval, auti manufactunng needs are well- 
served by the TIP 8500 E-Seiies microwave spectiiim 
anal;^^zer w ith its associated options to configure it for DECT 
mea'^uremems. 
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Decimation, sample rate ...... ... . 76/Apr 

DECT . , 98/Dec, 

Defect causes , . . 62/Juiie 

Defect management ^stem 

PMS) 7:3/Attg, 

Defect pre%^ention . . . (i3/June 

Defect sharing 77/Aug. 

Defect Iracking system 7^iyAug. 

Delay loop .....* WApr. 

Delay ^ switched , 62/Apr. 

Delay, variable ^ ............... . 62/Apr. 

Demodulation. Ml, FM. PM ... 11, I2/Dec. 

Demodulation, DKCT .... lOli/Dec. 

Derived function 27/June 

Design for manufacturability 30/ Apr 



Delectofs, lightwave ..... , . 83/Feb. 

DevelopmetU. environment 

IIP-KT 24/Aug. 

Diffraction gratjjig . . . 12, 2(VFeb„ 70/Dec. 

Diffraction grating rotator T7/lJec. 

Diffused diodes 49/Feb. 

DilTusiion barrier , ... 50/Feb. 

Digiliil sigjuil 

processing 40, 74/Apr., 8, 73/Dec. 

Digitizhig oscilloscopes G/Oct. 

Dim and burst signaling 93/Dec. 

Direct -drive diffraction grating 

system ..,.., 75/Dec. 

Directory structure, MPEViX 41/Jime 

Display dri\ er, HP Ultra VGA , , S2. 3B/June 

Distoiiion, AD(^ 106, l()7/0ct. 

Distributed feedba<^k lasr^i's 6(i/Dee. 

Dither, ADC , . 41, 42, 44/Oct. 

Dithering p large-scale 36, 44/Dec. 

Dividej-s, 

binar>' frequency ......... 18, 24. 58/Apr. 

Dmjiili'-baJanccd mixer . , , . , S(5/Oct. 

Diiuble-|iass nionochromator 68/0ec. 

Down-con%'eiter. vector analyzer . . 5H/Dec. 

DriviT.4, nm-tiriK^cotiriguj'abie 2t)/Uec. 

DSP (ecbniques . 90/Oet. 

DuallflG oscillator .., 41i/Apr. 

Duration measurements , 109/Ai>i'. 

Duroid 17, 19/ Apr, 

Dynaniic typing 21/Juiie 

I; 

EDFAs ..... 11/Feb. 

EGA 3iyjune 

Embedded system <]ebugging WApr. 

EMC design 70/ Apr. 

Emissions due to modularion . , . . 101/Dec. 

Emulator/analyzer .............. 92/Apr 

Encoder, absolute digital 14/Jmie 

Etthajiced Grapliics Adapter :n/,lmie 

Ergonomics, HP Ultra VGA ....... ytVJune 

Error definition .,..,.... 72/*iuno 

Enor liandiing , 7UJune 

Errors^ time base 24/Oct. 

Etalon 13, 21/Ft^b. 

ETSI 98/Df*c. 

Event tree analysis 50/Jui^e 

Exceptions SS/Aug. 

External-cavity 

iaseni .,....,.,.. 7, 11, 20. 28, 32, 35/Feb. 

External fimction 27/Juiie 



Fabrv-Perot la.scrs ... . . , . , 65/Dec. 



Failure modes 

and efjt^ctiii nnalysis . . , 4£WuBe 

Fault tree analysts 49/June 

FFT in analyzers 8/Dec. 

Field solver program ........ 19/Apr: 

File aci:ess and controi, MPE/iX . . 44/June 

File naming, MPE/iX 43/June 

Fih^r. anti-aUasing ... 11, 101/Oci.. ti6/Dec. 

Filter, bandwidtli lijnit 44/Oct. 

Filter. IF l^/Dct 

Filter, interpolation . . , 45/Oct 

Fdtering, zoom and decdmation . . iQ2/Oct. 

Filters, decimation .............. 41/Dec. 

Filters, hannonlc .,,.....,...... 25/Apr. 

Filters, low-pass switjched ....... 23/Apn 

Filters, midtirate digital 73/Apr. 

Fijiesse 23/Feb. 

Firmware development, 

iiscillcisctipe ................ 59, 64/OcL 

Firmware, optical source ........ b^/Feb. 

1^'imvware, signal generator ....... 10/Apr. 

Finnwttre, v^ect or signal analyzer , . 17/Dec. 

i^'islibone diagram G(5/Jnrie 

P1S( ) memoi-y 14/Ocl. 

Flasb ADt^ 14/Oct 

Ple.\ure jilate Hi/Dec 

Flow gTdph optimization , . 7a/Apn 

Form factor 65/Aug. 

Forward link encodu^g ...... .... H4/Dec. 

Fractiouiil-N 

Ijliase-locked loop .... 14, 42, 44/Apii 

Free speciml range 2tVFeb. 

Frequent y control , ;J9/Apr. 

Frequency t on version 49, 50, 5l/Dec. 

Frequency diversity ............. d2/Bec, 

Frequency measurement 63i/Apr. 

Frequency modulation 13/Apr. 

Frequency sele<'tive aJialysls ...... 9/T>ec. 

Fi'e{|uency sjm thesis. 

broad b;u id fundamental il^. .38/ Apr 

Fre^^uency sjTilhesis 

subsystem .... 12. 42/Apr. 

Full mdth at half maximmn 

(FWHM) .^i/Feb., (M/Dec. 

Fimction duration 

measurensents llO/Apr. 

Fmicllons. HP OpenODB 26/Jime 

G 

Gate luray, data , &7/Apr. 

Gear backlash 77/Dec. 

Tibost elimination ........... 75/Feb* 

Grapliics engine. HP Ultra VGA . . . <J2/June 
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Grating, 

dilTrartian ....... 12, 20/Feb-, 68, 70 Dec. 



Gnu-ity-sfiismg joy stick . 



. . 12/Juiic 



H 

Handle classes, C^-+ 87/Aug, 

Hani f!f>or 38, 4aa>ec. 

Haimonic driv<* reliction ll/June 

Hazard avoidance prcwress ,,..... 48/June 

Hetriiles GiBpliics Caril 31/June 

HeterCMl>Tte band niicrocincuit .... 4WApr 

Reterogeneity 15, 79/Aug, 

Heterojunction LEOs .,..,.... S/Au^, 

HGC .... aij^Iune 

High-isolation shielding 9M>cL 

Fligh'Speed miLlriplexor * ... * 95/Oct,. 

Homoj unction LEDs ,.,..,. 8/Aug. 

HP CMOS, HP intra VGA ........ 3S/June 

HPUVSA ntiDty ..... :57/imie 

Hybrid ADC^ i hannd . . .... l4/0ct 

I 

IF detection SS/Oct. 

Impulse resjjonse, pholorefelver . . 88/T'eli. 

Industriai workstation ........... ti2/Aug. 

input, iinalog ........-* 32/E>ec. 

Input sensiti\it>^, HPT 1450A^iA . . 62/Def. 

Input trip ....,...,. 34/Dec'. 

liviegration, discrete - TS/Api\ 

integrity and security, DMS ?9/AiJg. 

(nTercDnnect. |>lug-in ........ (>H/Ocr. 

Intf*rfact' classt^s, C++ S6/Aug, 

Interkaved ADC system 15, $S/Oci. 

Ijiti^rleaving (HP 8146A) . , , f34/Feij. 

Intpr|:)f^]ation, wavefonn 45/OvA. 

InteqHilator, time liase . - 27/Oci, 

Interrupt handling . , , ;i3/Aug, 

hitemit^tability . . , 25/Aiig. 

Inlersynibol iiitt'rference .,...._ 4ti'0ct. 

Intertfisk conmmjilcation 94/Aug. 

Interviii duration 

rneafiiirenients 1013/Apr. 

I/O architecture » 33/Aug. 

ISA bus 3-i/Jun(^ 

Isolators J optitai ......,, 7/Feli, 

J 

Jitt^n oscilloscope 25/Oct. 

.If lint space, mbot .,,... lUlune 

-loint sen^os IMune 

tloy stick 12/June 

K 

kCode 2M)<^c. 



Kernel semaphores 27/Aiig. 

Kerr^el software. HP-RT 24. 23/Aug. 

Kinematics pnx-essor U 'June 



Laboratory whtyt Mime- 

Language Trajfislation . , ij8^Jujte 

Lapiacian poieniial solver . . . . , 19/Apr 
Laser control algorithm (^'Au^. 

Laser module '32/Feh. 

Lasers. 

extemai-cavity ... 7. 1 1, 20, 28, 32, a^^eb. 

Lasers, semicondiictor 7/Feb. 

Lasers, Y.\G ..,,... 7/Feb, 

Late binding 2I/June 

Lathe/mbot system 9/June 

Layered maiiufactnring .......... 30/Apr. 

LEDs tVAug. 

Lifetime of a variable ............ 46/Aug. 

Ligiit-emittijig diodes fVAug., (SVDec. 

Linear actuator , 82/Dec. 

Linearity, ADC . 105/Oct. 

Linearity correcrtion, ADC 42/(>ct. 

Literal object 24/Jime 

LO feedllu^ougli cancellation 4R/Dec. 

LO loop , 15/Apr. 

LO, vector iuialyzer ..._.,.,. 41, 51 /Dec 

Logic synthesis system 38/Aug. 

Logical Description Format 43/Aug. 

Long t ode .....,.,, &4/Dec. 

Lo\s baiul t3uti;nit seciltjn 23/Apn 

l.ow-cohcric^iif!e reflect^) meter .... fJJ)/Feb. 

Low-iransient design .,.,,,...... 97/C)ct. 

Luniin<?Ufs ])prff>nnaticc, LED .... 12/Ati^. 



M 

Manufacturing, signal generator 

Markets 

Maximum power cuive 

MDA , 

Measurement sequencers ...... 

Mechanical design, oscilloscope 

MiH-haniciii design, 

tmlse generator .... ,,.,.. 

M iM lU al \n fonnation 

ajid tnoniloring system ,.,,.,.. 

Memoiy chip 

Memory riopih, oscilloscope . . . 

Memory ieiikn 

Mesa p'i-n tiiMes ..... 

Message distribution 

Mc'tiunerism 

Metrics, soflware insp€*ctions . . 

MethtKls di ' vr I ofjinejit software . 



. . :Jt>/Apr. 
. lU/Apr. 
. . 18/Fch. 
. . 31/.Itme 
. . 21/Dec. 
. . (Mj/Oct. 



1/Apr. 



. . 47/June 
. . 14/Oct, 
14, aO/fJet. 
. . 87/Aug. 
. . 49/Feb, 
. . 9{J/Apr 
. . ."jiVAug. 
. . (j2/,iune 
, . . H/.lune 



.\1IB ...,,, Sa/Api: 

Michelson interferometer ^, 5S/Feb. 

Mlcroeirciiits, 

hybrid . . 19, 21, 46, 62, m, ^Apr.. 14/Oct. 

Microwave chain ,.....,.. 17/Apr. 

Microwm^e plate assembly 50/Dec. 

Mixer, GaAs RHC , , , , 49/Apr. 

Modulatioii module . . , -^ * ....... 2y.^r. 

Modulation tinnsfer function 

(MTF) , 55/Aiig. 

Modulator amplifier 

microcircuit . , , . . . , . 5U/Apr. 

Modulator-based 

optical tesi !^stem ,,. . . 8^/Feb. 

.Modulators, optical ....*...;..... 7/Feb. 

Module generators .,,..,....,... S9/A«g, 

Monochrome Display Adapter .... 31/June 

Mooz mode 42/Dec. 

Motion, rohot 14/Juiie 

MPE directory structure ......... 4 1/June 

MPE/iX directory structure 42/Juiie 

Multimeter, iightw^ave 81/Feb. 

Multiinoding . . . , 37/Feb. 

Multipatb , 92/Dec. 

Multiple itrheritancc , 2l/Hlmie 

Multiplexer mOcL 

Multiprocessing 

operating system 72/Feb. 

Mttlt irate digit.aJ bandpass fdteis . , 7J/Apr. 

Multithreaded kernel ............ 2G/Aug. 



N 

Native Imigiiage helt> text 
Negative delay .......,, 

Net lists 

Network analy7.er . . 

Network monitorittg . . . . 

No<te cla.sses, C++ 

Noise, ADC 

N on linearities, time base 



. 7:VFeb. 
. 58/.Apr. 
. 3a/Aug. 
. 7*yOt*t. 
. 82/Apr. 
. 86/Aug. 
lOC/Oct 
. 25/Oet 





Object aci ion manager (Ob AM) . . . HI /June 

Object, HP OpenCJDB ........... 2 UJune 

Object models 231/Jtmo 

Oliject-orientetj modeling 20/-[ime 

Object-oriented 

(jrogKinuning language 24/Jnne 

Octave-band analysis ............ 7*yApr. 

Offset loop WApr. 

OMVPE 8/ Aug. 

Of IPL . .... 24/Jiine 

t ipvni nni model 2;1/Hlune 

{ ItJtical deck .......... . . ....... -15/Feb. 



)Copr. 1949-1998 Hewlett-Packard Co. 



December IBB^l llewlell-PaJL-kard Jaiinuil 



C^tical frequency-domain 

refiec'tonietry 52/Feb. 

Optical heterodyne teat system . . . 88/Feb, 

Opljcal inipuise test, system 87/Feb. 

Optica] specrtum analysis (j2/Dec. 

Optirai sfiet^tnim analyzers .,..*. fiCl/Iipc, 

Optical sources, tunable ......... I J /Feb. 

Optical tinie-cloniriin 

reflectonierry fOTDR) 52, 6I/Feb, 

Ot^timization, filter 77, 78/Apr 

Optimj^satjon, lo^ir 41/Aug, 

Ot>rob)o(k . - , _ 13, 24/Feb. 

ORCJA robot G/June 

Orthopedic surgeiy laser control . . HS/Aug. 

Ostdilal or transient 

measurenienls *,***.-.,..*►.*.* IH/PeCn 

Gs<^iUoscopes, S^GSa/s 6/Oct. 

OTDR receiver Ii9/Feb, 

Output moflulc ,,.....,.. UJ/Apr 

Overloatled fii fictions 2li 28/Jiaie 

P 

Package structuring .,..,.. 9J/Aiig. 

Packet capture , . 87/ Apr. 

PA-RISC machines , 31, 32/ Aug. 

PC video 31/June 

Peephole optimizations .......... 41/Attg, 

Performance verification 57/De<:. 

Period generation ...,.,,.....,. GO/Apr. 

Phase accuracy , , 77/Apr. 

Pha.so noise .................... 14/Apr 

Phase noise measurements 12/Dec. 

FhotodetocTors 8, 4^1, 83, 85, 87/Feb. 

Photodiodo, HP 71450A/51A . . 71/Dec. 

Fhotoluminescence 9/Feb. 

PholOHic technology . . 0/Feb. 

Physical layer, DECT 99/Dec. 

FID sel^'(J loop .... 14/B'eb. 

Pilot signal ... 94/Dec. 

Pin i>hoiodetectoi^, HP a^4A . . . 4^)/T*>b. 

PLxel viewer 47/.'\ng, 

Planar p-i-n diodes ..... 50/Feb, 

Plug-his, osctlIoscD|je 11, fi8/0c1, 

PMNLA characteristics 68/.Aug. 

Polarimeters S/Feb. 

Polarization ... . 55/T'f^b. . Ii9/Dec. 

Polarization diversity 

receiver 42, 55/F(?b. 

Polarization sensitivity 71/Dec. 

Polytope optimization 77/Apr. 

Potlable Operating System 

Interface 41/June 

POSIX 41/June 

Power control, cellular ,.....»... 93/Dec. 

Power controlt laser ...,.,....., 29/Feb. 



Power leveling 2tyApr. 

Power spectral density 54/Dec. 

Preaitiplifier ....,,.. 35/Dec. 

Preliminary hazard analysis ...... 5l/June 

Prestressing 36/Oct. 

Pretests 31/Apr 

Pretrigger, oscilloscope 7/Oct. 

Priority inheritance , . . . . 27, 29/Avis. 

Priority inversion 28/ALig. 

Privileges, HP OpenODB 2.9/June 

Probe, active 31/Qct. 

Probe fixture, wafer test 7;3/Oct . 

Procp.ss» HP-RT 27/ Aug. 

Procr^s scJYefluling, IIP-RT ....... 3y/Aug. 

Program activity 

measurementJSi 1()9/Apr. 

Protocol, DECT 9aTiec. 

Pulse/data channel ..,.......,.., 56/Apr. 

Pulse fonnatter 65/Apr. 

PuLse height accuracy 49/OcL 

Pul^ie generator 27, 52/Apr. 

Pulse modulation . , 25/Apr. 

Pulse fjaraiTieter accuracy ... 47/Oct. 

PulKf width accuracy 48/Oct, 

Pulse widlii generation .... 64/Apr. 

Q 

t^uantizing error ... ... ......... K)7/Oct. 

C^uantum efficiency Il/Ang. 

Quantum wells - 7/Fch. 

n 

R.\KE receiver , 92/Dec. 

RMillALs 36/JuJie 

Rciil-time operating systems . . 23. 31/Aug. 

Real-time systems 23, 31, 90/Aug. 

Roc(Mvcr design, ilP4;]9()A .... 8L 85/Oct. 

Receivt^rs, lightwave ............ 83/Feb. 

Reconstruct ion, wavefoiTO 45/Oct. 

Reerttrancy 25/Aug. 

Reference loop !6/Apr. 

Referential integrity 20/June 

Keflectometry^ 8, a9, GO/tVb. 

Register allocation, 

logic a.vTitiiesis * . . 4(5/Aug, 

Reliability, 

industrial workstatio)i 64/Aug. 

Remote access 15/Aug, 

Remote debugging ...,....,,,... 29/Dec. 

Rcsamphng 10/Dec. 

Residual interpolator ............ 28/OcL 

Resolution bandisidth ........... 79/Oct. 

Retroreflector 41/Feb. 



Rctuni loss measuretTient, 

HP HMtiA ... 78/Feb. 

Return loss mea.siirementT 

optical 79/Feb. 

Reverse link encoding ....... 95/f3ec. 

RF shield design 82/C>ct 

RK souix;e 54/Dec. 

RF veclor anjil>7,er 47/Dec, 

RFl suppression -i3/Dec. 

Rise time accuracy 47/Oct 

RMON MtB .............. 82/Apr. 

R(3bol system 6/J\uie 

RTOS measurement tool 97/Apr. 

Rules HD/Aug. 

Run-tinie<'onOgurab!e 

hardware diivers 2tl/Dec. 

s 

SAFT) ttiicrocircuil 47/Apr. 

Samjvle rale, oscilloscope ..... 14, 21/Oct. 

Sample-and-fiiter technique UVMct, 

Sami^ler clup 14, l7/0ct. 

Sampler, micKJwave ............ 15/Apr. 

Sampling, electrooptic H/Feh. 

Scale fidelity 7M)ct. 

Scaling, fixed-point 79/Apn 

Sciillop error 9I70ct. 

Scanner, color desktop 52/Aug. 

Scroll bars, sticky . . lOS/Apr 

Self-<:aIibration 44/Apr. 

Self-test 43/Apr. 

Semaphores ...... 28/Aug. 

Sensiti\ity tests. DECT K)4/Dec. 

Separator, color ....,.».,...., , . r>5/Aug. 

Serviceability, 

industrial workstation ........... G3/Aug: 

Setjmp and longjmp .,..,.,........,., 37/Aug. 

Shadow registers * . . 34/Aug. 

Shah encoder 78/Dec. 

Shared data stnictuies .... . SS^Aug. 

Shorl codes 94/Dec, 

Side-mode filter 13, 21/Feb. 

Side mode suppression ratio G7/Dec. 

.Signal averaging 44, 6JWeb. 

Signal generators ................ 6/Apr. 

Signal processing, HP 85Q4.A 43/Feb. 

Signal-to-noise mtio .,....,... 54. 6:]/Feb. 

Sinrulatioii, 

lo^c synthesis system 4-l/Aiig. 

Siniuitaneous RF/baseband 
measm'ements ................. 14/Dec. 

St^MP 82/At3t 

Soft haixloff 92/Dec. 
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SoftEenrh ^/Apr. 

Software defect man^ement . . . . , 73/Aug. 

Software, DSP ...- IWApr. 

Software liazartis 47/June 

Software inspectioiK , 60/Jime 

Software localization , . • , ... . . • . , 64/Jime 

Sound intensity .*,,.,, ^ . 74/Apr 

Soun<J pressure **. 75/ Apr. 

Source. 

vector signal analyzer 43, 54/Dec. 

Sources, tunable laser 1 Web. 

%atial dh^eisity ...._... 92/Dec. 

S^ed^ resolution 54/Feb. 

Spectra! power distribution 52/Aug. 

Spectral reflectance , , 52/Aug. 

Spectrum analyzer l&Oci. 

Spectrum anaJ>"?er 

DECT measurements ....... 98/Dec. 

Spectrum resolnrion _ . 90/Oct. 

Speech encodirig, cellular 93/Dec. 

Spontaneous eniiiission, LEDs 6il/Dec. 

Standard data format S5^T>ec. 

Standard observeis, 

CIE and NTSC 53/Aug. 

State machines 23/Dec. 

Statistics Ill/Apr. 

Stimulated emission, 

Fabry-Perot lasers 65/Dec. 

Stitching, IIP 81 4GA 64/Feb. 

Storage, oscilloscope 7/t)ct, 

Stored function 2(VJune 

Stored procedures ... 80/Aug 

Strain gauge ampllFier ... .... 83/Dec, 

Strain gauges . 8M)ec, 

Stnictun^d analysis 

and stnitlured design J>0/.Aug. 

Subscription, message 96/Apr 

SuperVGA ,,.,,.. 31/June 

Surreal laser control 6ft/Aug. 

Surrogaie object 24/June 

SVGA 31/June 

Switches, p-i-n 23/Apr. 

8weej>ers, micro wa%-e . , 3ii/Apr. 

Synthesized signal generators *VApr. 



System administration 

manager (SAM) . - _ SOAIune 

System start SSi^Apn 

T 

Task Broker ... 15/Aiig. 

Task stnjcniring 92^Aug. 

Taumel etalon 23/Feb. 

Teach pendant robot ,...,. 12/Jnne 

Temperature calibration 70/Apr. 

Temperature stabilization, laser . . . 28/Feb. 

Templates . , SS/Aug. 

Test library manageincnt system 

(TLMS) 53/June 

Test set. optical retuni loss ... 82/Feb. 

Test suite hierarchy , . , 55/June 

Tlu-eads 27/Aug. 

Time base, oscilloscope . , . . 24/Oct. 

Time cliversit>^ 92/Dec. 

T^me^lomain corrections ........ 10/Dec. 

Tmie gated measurement D2/0ct, 

'Hme selective 

frequency analysis .............. 15/Dec. 

Tlmeshare 31/Aug. 

Timing board, pulse generator .... 60/Apr. 

Topology graphs . 40, 44/Aug. 

TQC M/June 

IVamp errors 7L/June 

Tyartsaction error handling 72/June 

TYansceiver, DECT 10()/Dec. 

Tr-ansi mpcd ml ce ampH fier^ 

HP 85()^tA - .... V. . ..... 4a/Feb. 

TVansimpedance amplifier, 

HP 71450A/51A 7l/Dec. 

Travel mg-wave ampUner 22/Apr 

Trigger system . 24^0ci, 

lYigger, vecttjr analyzer 45/Dec. 

^Diggers 80/Aug, 

Tsutstui system 38/Aug. 

Timaljle laser sources .....,,.,,. IWeb. 

Two-a.vis mic-rt^po.sitJoner 80/Dec. 

Two-step decimation . . 90/Oci. 

TVpe, I IP OpenODB 2VJune 



u 

Ultrasound transducer analysis . . . 13/Dec. 

Urtcertainty, return loss — . SfyFeb. 

User interface , 47, 72/Feb. 

User interface. HP 71450A/51A . . . 6i/Dec. 

User interface management ^'stem 
HJIMS) SO/Jmie 

V 

Vector signal analyzers 6/Dec. 

VGA 31/June 

\ldeo Graphics Array ....... 31/June 

Video image procedures^ 

assembly and test ............... 35/Apr. 

\^deo RAM 34/June 

Virtual instruments ............. 46/'Aug. 

\^Ebus 23,33, 64/Aug. 

Vocoder , . 9M)ec. 

VRAM 34/Jime 

w 

Wafer test, amplifier ............ 6gl/Apr 

Wafer test fixture 73/001 

Walsh codes 93/Dec. 

Water vapor absorption 58/Feb. 

Wavelength caUbration, laser ..... 25/Feb. 

Wavelength sweep IS/Feb. 

WDM , , 11/Feb. 

\^1ute4ig]it interferometiy ... 3Sl/Feb. 

Width boardj pulse generator 64/Apr. 

Windows display driver 39/June 

Windows, synchronous ......... 101/Apr 

Work groups, HP Task Broker .... 2a/Aug. 

Worm drive * 77/Dei\ 

XYZ 

YIG oscillator 51/Dec. 

YIG oscillators 12, 46/Apr 

Zero-span measurements ........ 12/Dec. 

2^roing and choitping^ 

HP 71450A/G1A ..._....... 7M)et^ 

ZiH Jin n Bering 102/Oct. 
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HP 356DA Portable ReaJ-Tlme Frequency Ajialyzer . . , Apr. 

HP439{jA l.^GHz Vector Network and Sp(*ctxum AnaJr^i^r . . Oct. 

HP S13;]A lUm-i ihiisv f>Bt>rator . . ,,.....,., , . . Apr 

IIP hUHA Upiu-M TiiiH'-rinruaiii Ri>nectomeier ............. Feb. 

HP 8153A Ughtwave Miiitiineter F(*b. 

HP8I67A Tiinable L;iser Soxirce .,..,..,...... ....._ Feb. 

HP 816^A Tunable l.ast>r Source , . Feb. 

HP 8870 Series Signal Generators and Sweepers ..,.,,,,,., Apn 

HP 8504A Precision Rellectomeler , Feb. 

HP 8590 E- Series Spect mm Analyzers ....... . . . , lyec. 

HP54701A Active Probe -...,. .,.,..., Oct. 

EP54710A/D Oscmosc^ope , , . Get 

HP 5471 lA Attenuator Flyg-in , , Ot!t. 

HP 54712A Amplifier Ptug-in Oct 

HP 54713A .\jiiiiiirier Plii^-ln Oct. 

HP 54714A Amplifier Ptug-in Oct 

HP M72(WD ( )stilJr)Sco[H' Oct. 

HP r>4721 A Amplifier Plug-iit Oct, 

HP 34722A Attenimtor Plug-in Oct. 

HP tH700 Embedded Debug Emiromnent Apr. 

HP 70;i40A Synthtsij^.ed Signal GeJierator A^sr. 

HP 7():M1A S>i\thesii£ecl Signal Generator Apr. 

HP 7145GA and 71451A Optical Spec tntin Aiuilyzers .... Dec 

HP S1534A Return Loss .Module . . . . . . , , . _ Feb. 

HP a3440 Series Ughtwavt^ Detectors Feb. 

KP 8371 lA Synthesized Signal (jeneraior .,,.._, Apr. 



HP 837 1 2A Synibestzed Signal t>nerator .............. Apr. 

HP a5731A Synthesized Signal Getterator . Apr. 

HP 837:j^ Synthesixed Si^ial Ciotierator . , . Apr. 

HP 83750 Seiiifs Mi<TowM\ f Swei^pers Apr. 

HP 83751 A Microwave Sweeper . . Apr, 
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Vector Signal Analyzers 



Kenneth J. Blue 

An RSiD firmware erfgineer 
at Ihe Lake Stevens Instru- 
ment Oivfsjon, Ken Blue 
joined HP in 19B4 He was 
aFi HP 3000 crsmpuier pro- 
grammer for two years be- 
fore nnnving on to firmware 
design. He has conlribyted 
to the development of the 
HP 3566DA dynamic signal analyzer and the HP 
3583A/89A spectrum/net work analyzers, and was 
the lead firmware engineer fnr the HP 894xxA vednr 
signal anafyzer series He developed the scalar mea- 
saretnent mode and hardware drivers used to wntw\ 
the HP 8944DA RF section. He also mtegrated the 
IBASIC programming language He is currently devel- 
oping firmware for follow-on products for the HP 
8941 DA and HP 8 3440 A analyzers and is workmg on 
low'leveJ digital signal processing assembly lan- 
guage devebpment. Ken was born in San Antonio, 
Texas and graduated with a 0SEE degree from the 
University of Washington, Seattle, m 1986. He's mar- 
ried and likes boardsailmg, mountain biking, hungee 
jumping, runnirrg in the rain, and eating sushi 

Robm I Cutler 

Born in Lubbock, Texas, Bnh 
Cutler served for four years 
in the U.S Air Force as a 
sergeant before attending 
the University of Washington. 
He received a BSEF degree 
in 1984 and later completed 
work for an MSEE degree 
[1990] With HP since 1985, 
he is an R&D engineer at the Lake Stevens Instrument 
Division, His past projects inr:lutie the HP 3563 A and 
HP 35660A dynamic signal analyzers, He was respon- 
sible for the calibrations, corrections, and resample 
algorithms for the HP B94xxA vector signal analyzer 
series, and is now working on digital demodulation 
aJgorithms for the HP 89440A analyzer He's a member 
of the IEEE. Bob is marned and has two sons. An 





amateur radjo operator icall sign KF7ZJ], he also 
enjoys restormg classic wooden boats and cruising 
on Puget Sound with his family. 

Dennis F. O'Brien 

Author's biography appears elsewhere jn this section 

Douglas R. Wagner 

A Washington native, Doug 
Wagner was bom in Beilevue 
and attended Washington 
State University, from which 
he received a BSEE degree 
m 1988. He continued his 
studies at the Umversity of 
Illinois at Urbana -Champaign 
and completed work for his 
MSEE degree in 1988. He held student intern positions 
at HP beginning in 1 985 and joined the company ful I 
time in 19BB He's now an R&D engineer at the Lake 
Stevens Instrument Division, where he specialises in 
software development. He was responsible for AM, 
PM, and FM demodulation software for the HP B94xxA 
signal analyzers and is now developing algorithms for 
the digital demodulation option for that series. Earlier 
he worked on software for the HP 3563A arid HP 
35665 A dynamic signal analyzers. He is named as the 
inventor in a patent on mrxed-domain, mixed-rat la 
frequency-response sampling and is a coaothar of a 
paper un digital filtering. Doug is active in his church 
and [ikes travel camping, volleyball, cross-country 
skiing, and photography. 

Benjamin R. Zarlmgo 

Produd marketing engineer 
Ben Zarlinga joined HP's 
Loveland Instrument Division 
in 196D and later transferred 
to the Lake Stevens Instru- 
ment Divrsmn. He has 
worked on product definh 
tion. applications, and sup- 
port for over a dozen differ- 
ent HP synthesizers, network and spectrum analyzers, 
and vector signal analyzers. Hrs corrtri but ions for the 
HPS94xxA signal analysers included applications 




research, product definitmn, and technical training, 
and he contirtues to work on applications for the HP 
89410Ay440A analyzers and future products. He is the 
author of several product technology articles published 
in trade press publications. Ben was bom in Glen wood 
Springs. Colorado and graduated Irom Colorado State 
University with a BSEE degree in 1980. Before coming 
to HP he was a radio station announcer and public 
service director. He's married and says sea kayaking 
is his primary outside interest. 

17 Firmware Architecture 



Dennis P. O'Brien 

A design engineer at the 
Lake Stevens Instrument 
Division, Dennis O'Brien was 
responsible for the measure- 
ment architecture and firm- 
^, . ^^ ware design of the HP 
V i^r 894xxA vector signal analyz- 

^^^^^ ^^^- ^^^^^ ^^ loined HP in 

1 980, h e was a prod u ctio n 
engineer for voltmeters and scanners at the Loveland 
Instrument Division. At Lake Stevens, he designed 
firmware for nonvolatile memory management for the 
HP 3561 A signal analyzer and portions of the measure- 
ment architecture for the HP 3565S measurement 
system. He's now developing measurement firmware 
tor HP 894xxA analyzer options. Dennis is a native of 
Denver. Colorado and a graduate of DeVry Institute of 
Technology IBS degree in electronic engineering tech- 
nology. 1973) and Arizona State University [MSEE 
1976>. Before coming to HP he worked at Sperry 
Flight Systems, where he desigrted portions of one of 
the first commercially avaiiable digital flight-guidance 
control systems. Hes married, has three sons, and 
coaches Little League baseball. He tikes wDodv^^-orking 
and is currently f intshing work on a house he built. 
He also enjoys camping and canoeing with his family. 
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31 Baseband Vector Sfgiral Analyzer 



Manfred Bam 

WrthHPsmcel980. 

7.'f3nfred ;Bani is custiwnef 

: ::;L Lake Stevens instru 
nsnt DivisiDn Mb has con- 
if ibutetl to the ctevefapment 
of tfie HP 2336B syntheafrers. 
rhe HP 3326A SYTrttie^izer, 
tfie HP 3577 A network arp3 
\fiBf. and the HP 3588A spectrurrj/networic analyzer 
He was one of the lead ft&D engineers fof the HP 
B9410A vecior signal analyzer He's currently respon- 
sible for sen/ice effgrneenn^ and quality management, 
as well as for the envrronmental test tabofatory and 
the calibration department ax Lake Stevens, He is 
named as an inveiitor In two patents artd two pending 
patents on focal oscillator feedthrough nulling, dither 
error correction, a large-scale dithered converter, and 
a spread -spectrurr> linearizat^o^ technique. He's also 
the author of three technical articles on distortion, 
dittterad converters, and future trends m anatyzers- 
Manfred was horn in Cleveland,. Ohio and received a 
BSEE degree from the University of Colorado at Boul- 
der in 1979, an MSEE degree from the University of 
California at Berkeley in 19BQ. and an MS degree in 
compytar science from the University of Washington, 
Seattle, in 1988 He is marned and has a young 
daughter. Outside work, he enjoys skiing, sailing. 
scuda diving, fly-fishing, tending his home orchard. 
and playing with his daughter. 

Keilh A. Bayem 

Keith Bayern was born m 
Ptinceion. New Jersey and 
graduated Irom Montana 
State University with a BSEE 
degree in 19B1 He designed 
and programmed industrial 
controls for several com pa- 
nies before joining the 
R&D lahnratory at HP's Lake 
Steyerij .iL.i: Division in 13B4. He has contrib- 
uted to hardware and software development lor sev- 
eral products, including the HP 35660A dynamic signal 
analyzer and Lhe HP 35635 R programmer's tool kit. He 
designed the hardware for several boards for the HP 
S9410A vector signal analyzer and is currently woriting 
on software for a future VXl-hased product. He has 
also published one technical articie. Keiih is married 
and has two children. He's finishing a four-year project. 
a complete remodeling of his home, with the "help" 
of hts two-year old son 

Joseph R. Diederichs 

RSiD engineer Joe Diederichs 
joined the Lake Stevens 
Instrument Division in 1982 
and was a production engi- 
neer during his first eight 
years at HP He was respon- 
sive for mainiaining the 
design integrity of a variety 
of Rf network and spectrum 
analyzers, RF sources, and dynamic signal analyzers 
He was also involved in a number of board redesigns 






and in test sy^lefn design h tiia BSiD laboratory, he 
designed the analog mpui cifCtjrts for tlie HP 8S41 OA 
vector signal anafyzer He is presemlv worktrig Ofi RF 
design iot a local oscillator for a WO-hased system 
Joe was bom in Seattle. Washir^on arKJ completed 
work for his iSEE degree iwm the University of 
Washington in 1B82 He lists waterskiing, walkir^. 
and radiO'Controlted model helicopters as outside 
rntemsts 

David I Kedey 

- ill .^'<. :;. .jf Cotaraoo 
TJCidi^MBSEE 1987), R&D 
engtnee? Dave Kelley came 
to HFs Lake Stevens Instru- 
Tient Division the same year. 
He has contributed to the 
development of the 1BAS1C 
instrument programming 
language and the HP 
El 431 A, an eight-channel signal conditioning VXl 
card For the HP 39410 A signal analyzer, he designed 
and developed or was responsible for the display 
se-cTion. the CRT the digital filter board, the digital 
source board, and the buffer/switch assembly. He's 
currently working full time toward an MSEE degree 
Irom the University of Washington under HP's resi- 
dent fellowship program. Dave was born in Hartford, 
Connecticut and is married. He enjoys backpacking 
and snow skiing, but his favorite sport is waterskiing. 
Ha and his wife get up early every day from March 
through October to water- ski 
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Robert T Duller 

Author's biography appears elsewhere in this section. 

Wilttam J. Ginder 

Bill Gtnder started at HP in 
1 979 at the Love land Instru- 
ment Division and is now an 
f^aO engineer ai the Lake 
Stevens Instrument Division, 
A native of Kansas City. 
Missouri, he graduated from 
the Universtty of Missouri at 
fiolfa with a BSEE degree 
the same year he joined HP. An RF hardware speciat- 
ist, he has worked on the HP 3D47A phase noise test 
system, the HP 35677 A/B test set. the HP 3325A two- 
channel synthesizer, and the HP 358aA spectrum/ 
network analyzer He developed RF hardware for the 
HP B944QA signal analyzer. Bill and his wife have two 
sons and he likes to read, garden, cook, and bicycle. 

Timothy L Hlllstrom 

RSiD engineer Tim Hiltstrom 

designed and developed the 
local Dsdllator for the HP 
H944nA signal analyser Pre- 
vmuNiy. he worked on the 
RF/anafog system and circuit 
design for the HP 358aA 
spectrum/network analyzer 
He also specializes in solving 
problems ir^volving eEeclromagnetic compattbility and 






radrthlTBCfy^cy interfHence for marjy pr»feicts at the 
Lake Stevens Irtstrum®^ DiviSio?i He was bom in 
Hoilywood. CafifofT^ia and attended the University of 
Pdrtlaiid (BSEE 1982) ^ the l^iversity of Washington 
IMStE ISB6) He has b^n with HP sirM:e 1 %2 He is 
th& autfior of two patHiis and one pending patent on 
spec ■ -' measyrement features artd circuits 

and * . sev^al anides m a number of 

coontries nr: QS::iJlatDrs, phase noise, and s-parameter 
characteriiation Tim is married, has three children. 
and says he enjoys tennis, "headbanger" music, and 
eating pancakes with his children 

Kevin L Johnson 

A manufacturing develop- 
ment engineer at the Lake 
Stevens Instrument Division, 

Kevin Johnson joined HP in 
1364 He was born in Min- 
neapolis, Minnesota and 

completed work for his BS 
degree in physics from Boise 
State University in 198Zand 

for his MSEE degree from Colorado State University 
in 1984 He developed the test system and automated 

test software for the HP 89440 A signal analyzer. He 
has been a production engineer for the HP 3325A/B 
synthesizer/function generators, the HP 3335A syn- 
ihesizer/lavel generator, the HP 2585A/B spectrum 
analyzers, and the HP 3^7A/B network analyzers. He 
IS the author of several HP product notes and maga- 
zine articles on phase- locked loop measurement, 
noise measurement, and power measurement. Kevin 
is married, has a son and two daughters, and is active 
in his church. Outside of work, he spends most of his 
time mowing the 2.5 acres of grass at his home, 
tending to his blackberry bushes, taking care of his 
animals, and spending time with his children. He also 
enjoys hiking and mountain bicycling. 

Roy L Mason 

O^ With HP Since 19E4. Roy 
Mason currently works at 
(he Disk l\4emory Division, 
where he is responsible for 
the design of hard disk drive 
prod ucts . Wh i It a t the Lake 
^^ / Stevens Division, he vvas a 

^K / member of the hardware 

^■^ '" design team for the HP 

35B8A spectrum/netvmrk analyzer and worked on ttie 
source section and several high-frequency filter de- 
signs for the HP 894CA vector signal analyzer He is 
named as an tnventor in a pending patent on RF pack- 
aging and interconnect and is a coauthor of an HP 
Journal article on the HP 3588 A analyzer. A Lincoln, 
Nebraska native, Roy attended the University of 
Nebraska at Lincoln and received a BSEE degree in 
1 984. He was a sergeant in the U.S. Air Force for four 
years and a staff sergeant in the Mebraska Air 
Natronal Guard for another four years. He and his 
wife have [\vo children. His hobbies include hiking 
and wnndwurking. 

James K. Pi else h 

Jim Pfetsch is an RF hardware development engineer 
at HFs Lai^e Stevens Instrument Division. 
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David A. Bailey 

I Dave Bailey was bom in 
I Fitchhurg, Massachusetts 
and recBiveri a BSEE degree 
from Worcester Polytechnic 
InstitLiiein 1971. Heconiin- 
ued his studies at the Uni- 
veratty o^ California at Santa 
Barbara, receiving an MS 
degree in computer engi- 
;■ joining HP the same year, he 
worked at Rayffi eon's EieGtromagnetic Systems Divi- 
sion. Dave is a snfivvare design engineer at the Light- 
wave Operatj[)n of the Micnowave Technology Divi- 
sion and has contributed to the deveJnprnent of the 
HP B5685A RF preselector and the HP 714D0 lightwave 
Signal analyzer He also created the hrst in$irumenl 
shell software libfar^ far HP and developed software 
for the HP 71 450 A/51 A optical spectrum analyiers. He 
is a member of the IEEE and is a fnundmg mETnher of 
an educational tree planting organizatmn He and his 
wife have one son. His hobbies include Wrndsurfing, 
white water rafting, and Rollerbladmg 

James R. Stjmple 

Jim SttmpJe has been wtth 
HP since 1978 and is an 
BSD project manager at the 
Lightwave Dperation of the 
Microwave Technology Divi- 
sion, He began his HP career 
as a materials engineer, then 
moved into BSD. He has 
contributed to the develop- 
riitn" u'" ihe HP 8-jS2 and 8b9x spectrum analyzers 
and was the project manager tor the HP 7 14 50 A/51 A 
optical spectrum analyzers, Before joining HP, he 
vi/orked at Motorola's Comrtiunications Divismn. He is 
named as an inventor in three patents and one pend- 
ing patent related to scanning antenna systems and 
optical spectrum analyzers and has published an ar- 
ticle on optical spectrum analyzers. Jim was born in 
New Castle, Pennsylvania and completed work for a 
BSEE degree from Northwestern University in 1 974. 
He and his wife have three children, and hss whole 
family is actively involved in breeding and training 
dogs for the disabled. His other outside interests in- 
clude skiing, waierskiing, tenms, running^ bicycling^ 
and playing guitar and saxophone. 

G8 Double-Pass Monochrainator 



Kenneth R. Wildnauer 

Kenn Wildnauer is an RSD 
engineer at the Lightwave 
Operation of the Microwave 
Technology Division and has 
been with HP since 1980, He 
was born in Chatham, New 
Jersey and attended Cornell 
Universitry, from which he 
received a BS degree in ap- 
plied anu engineering physics in 1979 and an MSEE 
degree m 1980 Before workuig at HP he was em- 
ployed at AVCO Everett Research Laboratories and at 
Bell Telephone Labofatories. His past HP projects 






fhciurie IF and video circuit design for the HP 8^0 
series of spectrum analyzers. He was responsible for 
the optica] deshgn of the HP 71450A,/51 A optical 
specTrunt analyzers and his work has resulted in two 
patents related to those products. Kenn enjoys teach- 
ing physics courses at a local university in addition to 
working at HP. He is also a volunteer board member 
for a local recycling company His other outside inter- 
ests are bicycling, backpacking, hiking, Wind surfing, 
tennis, softball, and skiing 

Zoltan Azary 

Software development engi- 
neer Zoltan Azary worked on 
the digital hardware and 
firmware design for the data 
acquisition subsystem and 
the firmware desip fur the 
host processor for the HP 
71450A/51A optical spec- 
trum analyzers. He joined 
HP's Signal Analysis Division m 1981 and has been a 
reliability engineer for modular spectrum analyzers, 
has worked on software quality assurance, and has 
done software testing tor the HP 7DQ0D series ot 
spectrum analysers. He was a firmware engineer far 
the HP7DB10A optrcal receiver and a hardware/ 
firmware engineer for the HP 71 450 A optical spec- 
trum analyzer. He's now at the Lightwave Operation 
of the Microwave Technology Division, He is named 
as an inventor in a patent related to the sensitivity 
user interface for the HP 71 4S0A/51 A spectrum ana- 
lyzers. Zoltan was born in Ann Arbor, Michigan and 
received a BS degree in electrical and computer engj- 
neering from the University of California at Santa 
Barbara in 1 9B1 . His outside interests include 
traps hooting and hunting. 

lb Diffraction Grating Rotation 
System 

Joseph N. West 

A California native Joe 
West was horn in Berkeley 
and attended San Jose 
State College, from which 
he received a BSEE degree 
m 197D He worked on an 
early all-digital telephone 
switching system at a smalt 
company before joining HP 
in 1979- An RSiD engineer at the old Signal Analysis 
Division, he contributed to the development of the HP 
70000 modular measurement system and later 
worked on various performance enhancements to the 
HP 71D0D spectrum analyzer family Presently he is 
an R&D engineer at the Lightwave Operation of the 
Microwave Technology Division, During the develop- 
ment of the HP71450A/'5TA optical spectrum analyz- 
ers, he was responsible for several portions of the 
ftaniware, including the servo conirol loop and posi- 
tion sensors for the diffraction grating positioner He 
also managed work on electromagnetic compatibrliiy 
and took the data acquisition board and the vanous 
servo control boards into production. He is named as 
a coinventor in a patent related to the HP 71450A optf- 
cal spectrum analyzer He is a coauthor of a technical 
article and author of an electrical design guide pub- 
lished by HP Joe and his wife have four children a-nd 





:.:. ... :...;.;. .•.,;;. ^i^.di^l domest ft animals and a lot 
of wildlife. His hobbies include old steam locomotives, 
fiy-f ishmg, camping, and reading, 

J, Douglas Knight 

Author's biography appears elsewhere in this section. 

80 Optrcal Fiber Afignment 

J. Douglas Knight 

FIStD engineer Doug Knight 
began his HP career in 198Z 
at the Signal Ar^alysis Divi- 
sson as a fabrication engi- 
neer and later as a micro- 
electronics production 
engineer where he rede- 
signed HPs programmable 
step attenuators for lower 
cost and improved reliability He was responsible far 
the mechanical design of the monochromator used in 
the HP 714S0A/B1A optical spectrum analyzers He's 
now at the Lightwave Operation of the Microwave 
Technology Division, He is coinventor of a. patent on 
double-pass manochromatar design. Doug was born 
in Bakersfteld, California and received a BSME degree 
from the University of California at Davis in 1 981 His 
MS degree in manufacturing systems engineering was 
awarded by the University of Wisconsin at Madison 
in 198B. He's married, has two children, and enjoys 
swimming, sailing, and family activities 

Joseph N. West 

Aurhor's biograpfiy appears elsewhere in this section* 



BS Standard Data Format 



Michael L Hall 

Design engif^eer Mike Hall 
was born in Maiden, Mis- 
souri and received a BSEE 
degree from the University 
of Californfa at Santa Bar- 
bara in 1979. He joined HP's 
Santa Clara Division the 

J^ ^^Brw . igppg^j ^Q ^f^g Lgi^g Stevens 
Instrument Division. He has contributed Id the develop- 
ment of software and firmware for several HP instru- 
ments, including the W? 356 9 A Option 550 frequency 
analyzer and the HP 35665A, HP 3566DA, HP 3563A, 
and HP 356ZA dynamic signal analysers. He devel- 
oped utilities for the Standard Data Format and firm- 
ware for data acquisition and time capture for the HP 
894xkA vector signal analyzers. He's currently work- 
ing on enhancements for the HP B94xxA and on MS 
Windows applications. He's listed as the inventor in a 
patent on dynamic linking of subprogfams to main 
programs and is the coauthor of an HP Journal article 
on the HP 35B2A dynamic signal analyzer Mike is 
married, has two daughters, and is a tutor in BASIC 
computer programming at a local school. A comjc 
book collector, he has more than 10.000 books. His 
main outdoor interest is landscaping his three-year- 
old house. 
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D3V»d P. Whipple 

Dave Whipple is 3n R§D 

pfn ort manager for system 
rfrcture arwl ts woriting 
j; ^'JUA tes! equipm^i 
and standards With HP 
since 1973, he has worked 
at the Stanford Par^ Division 
and the Spokane Dmsidh 
knjtjally he was a pcoduction 
engineer and it>en pr&ciuctlon engineering manag-er 
fDf signaJ generators Later he was an R&D projeci 
manager for the HP 8E56Bj67A signal generators, the 
HP 8920 A communications test set. the HP aS2Zx 
GSM test sets, and the HP 89&3DT TDMA tesi sys- 
tem. He Is listed as an inventor in three patents, all 
dealing with FM in phase- locked loops. Dave was 
born in Wilmmgtan. Delaware and attended Purdue 
Universtty. frofn which he received a BSE£ degree jo 
1372 and an MSEE degree in 1973- He is marned, 
has two children, and enjoys skiing, waters kiing, 
camping, and mountain biking 



MarkA.EJQ 

A devBlopment engir>eef at 
the Hkjeertsferrv Microwave 
Dri/istcfn. Mark Elo vv35 bom 
\n Preston, LaiKashire. 
England He graduated tnwn 
Salford Untversity in 1992 
with a bachelor's degree in 
engfneenng (electronics) and 
has bean with HP since 
1930. when he held a student posption Prevjously. he 
was emplcYst at L C Automation, where he worted 
on industrial infrared secunty systems He developed 
the HP 85723 A OECT measurement personality and 
has participated in the DECT Radio Equipment Specs- 
ficatton type approvaJ working group, He is currently 
working on downloadable programs for niche markets 
for the HP 8590 E-Series spectfum analyzers. Marlts 
mterests ouiside work include music and socmlizing. 
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